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ABSTRACT 
An experiment was set up to investigate the effect s of soi l loosening on the drainage ef f iciency of 
a structurally unstable silty clay loam in Devon. Such soils are common t o the Palaeozoic slates 
of South West Eng land, and in many parts of Wales and Scotland. The dom inance of the fme earth 
fract ion these soils by silt sized particles and the associated low clay fractions ( 10-35%) gives 
r ise to weak structures that are unsuitable f or mole drainage. Six drains were la id with 
permeab le f ill at a 20 m spacing on a gently sloping site at Seale-Hayne College Farm. A year 
after installation half the si t e was loosened to a depth of 0.4 m. The whole si t e was then 
cul t ivat ed and w inter wheat sown. The study concent rated on the modi f icat ion of the so i l 
physical environment and wat er transmission r outes f oll ow ing loosening operat ions for autumn 
r e-w ett ing, the winter period and spring drying. Data collection invo lved the analys1s of 
drainf low hydrographs and the measurement of soil water physical parameters. 
Results from an intensive twelve month monitoring per iod indicate that the modification of subsoi l 
to impr ove drainage does not necessarily give the resul ts expect ed . in t his study it has been 
shown that loosenmg of an unstable sil ty cl ay loam dld not enhance drainage, in fact the r ever se 
was true which can have dire consequences in t erms of traff icab i l i ty and plant r oot gr owth. 
Loosening lead t o an increased porosity which r esul t ed in a greater, albeit temporary, r et ent ion 
of water within the disturbed zone. Th i s means that l oosened soils were wetter prior to a 
rainst orm and remained -so for a l onger peri od after ra infal l. This response, in turn lead to 
significant reduct ions in soil shear strength, which has important impl ications for successfu l crop 
husbandry in the autumn and spring periods when field operat ions are necessary. Further work is 
requir ed to assess the temporal persistence of soil loosening on soil physical conditions and crop 
responses. 
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PART I 
INTRODUCT ION 
1.1 The Role of field Drainage 
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CHAPTER 1 
INTRODUCTION 
In humid temperate reg1ons of the wor ld, drainage serves two distinct functions in the successful 
management of agricultural land. Firstly, it aims to remove surface water, which was the 
primary role of the ridge and furrow treatment; a practice that can be traced back to the time of 
the Romans in Br itain <Traff ord, 1 970). Although th is technique is cheap and was f ormerly 
employed in grassland areas, i t is very inconvenient and ineff icient as i t int er feres with the 
agricultural practices that are associated with today's intens ive f arm ing methods. Secondly, 
dra inage is used to aid the rapid removal of surplus water from the plant root zone and increases 
soil strength at the surface, which improves soil structur e and stability (Steinhar dt and 
Trafford, 1974). This increase in soil streng th has been observed to improve traff id ability 
<Bailey, 1979) which allows earlier cul t ivat ions, reduces poach ing by livestock (Oavies and 
Armstrong, 1 986) and prolongs the growing or grazing season. Such benefits have been shown to 
give a greater flex ibili ty in farm management practices (Armstrong, 1977), and increase crop 
yields (Trafford, 1973; Trafford and Oliphant, 1977). On the other hand, in climates where crop 
product i on is dependen t on irrigation, underdrainage is necessary to maintain a favourabl e 
balance of salts in the root zone by the throughflow of water t o the drains. This throughflow 
causes soluble salts, that have a tendency to accumulate near the soil surface, to be leached from 
the root zone. 
Worldwide it has been estimat ed that approximately 11 % of all agricultural land 1s drained, w i th 
the United Kingdom being one of the most extensively drained countries in Europe 
(Green, I 979, I 980). Because of the historical development of drainage practices, field drainage 
has evolved very much as a craft, vary ing with location and the changes in agricultural land use. 
This development has been encouraged by grant aid to the farmer from central government 
(Nicholson, I 953; Green, 1 980; Rob inson and Armstr ong, I 988). In many European countr1es ( for 
example, The Netherlands, Norway and Sweden), this grant aided drainage goes hand in hand with 
the reclamat ion of new land for agricultural purposes. This is in di rect contrast to Britain, where 
most land that is under drained was already in agricultural use (Green, 1 980) and is normally 
associated with a change in farming practice <Traf ford, 1 977; Castle et al., 1 984). 
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1.2 The Development of Field Drainage 
Prior to the 19th century, the practice of land dra inage to the Brlt lsh Is les was very much by 
trial and error , and 1t was only following the enclosure Acts of the 17th cen tury that the 
Improvement of land by drainage became signif icant. This work reli ed upon networks of open 
ditches, with the f1rst serious attempts at under draining heavy soi ls carr1ed out by Elk10gton 
using stone fll led trenches (Johnstone, 1797). However, 1t was not uoti I the introduct ion of 
industrially produced cheap clay t ile drai ns and government grants that dr ainage was 
successfully promoted throughout the country. Since this t ime the area of land drained each year 
has var ied greatly, according t o the stat e of the agricultural industry, and the level of 
government support (Nicholson, 1953; Tr affor d, 1970). Due to the lack of adequate records i t is 
not poss ible to assess (although work by Rob loson In 1986 has made an attempt) the amount of 
underdrainage that was carried out in the U.K. pr ior to the introduct .on of the grant aid system in 
the 1940's, when all proposed dra inage work was inspected by M.A.F.F. advisers. Nevertheless, 
both Trafford < 1970) and Green < 1980) have independently estimated that between 5 and 6 
million ha of land wer e drained prior to 1940, with a rapid increase In the annual area drained 
over the last 30 years. 
The rate and development of land dra10age over the last ISO years clear ly reflects the changing 
patterns of Br it ish agncul ture. In 1966 Sturgess stated that during the I 9th century dra1nage 
work w as concentrated on t he heavy soils In the North and West of the country, since only with 
adequat e drainage could the waterlogg ing of these soils in the winter be prevented and 
agricul tural production be Improved. Rob1nson ( 1986) est imated that up to 75% of the fields in 
Sou th Devon received some form of drainage during this period, with very little activity 
occurr ing in t he East of the country due to the low annual ratnfalls whi ch did not limit production. 
This contrasts the spatial distribution of drainage in th i s century, part i cularly since 1939, which 
has concentrated on the arable land of Eastern England (Robinson and Armstrong, 1988), wher e 
the production of high value cash crops is dependent upon timely f ield operations and hospitable 
growing conditions. 
Up until 1981 when the government grant atd procedures were simplified, a detailed record of all 
drainage work was kept. Th1s r eached a peak in the 1970's when some I 00,000 ha were being 
drained annual ly (Trafford, 1977, 1978). Approximate ly half thi s total comprised new ly drained 
land, whilst the remainder was re-dratntng areas where old sys tems had failed. Current 
estima t es put dr ainage act tv1ty at around 50-60,000 ha per year <Rob toson and 
Armstroog, 1988), which only equals the fa ilure rate of old systems estimated by Trartord 
( 1977). 
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W1th the 1ntens1f1cat 1on of farmmg practices over the last century, particularly in the arable 
sec tor, poor drainage could not be tolerated if agricultural production was to remam economically 
v1able. Yet, 1t IS only in the last 60 years that scienti f ic mvest1gations have provided us with a 
clear pictur e of the factors upon which t he performance of a dramage scheme depend and have 
pr ovided techniques to quantify these factors in advanced dr ainage design. For a fu ll account of 
these developments and drainage design techniques practised the reader is referred to the works 
of Luthin <I 957); Van Schll fgaarde ( 1 974); Sme~a and Rycroft ( 1 983) or Castle et al.( I 984). 
Unf ortunately even in the latter part of this century tradit ional approaches have still dominated 
r 1eld dramage in this countr y. The unsat is factory result s of many of these methods were 
highlighted in the mid 1970's when an examination of numerous grant aid schemes by M.A.F.F.'s 
Fie ld Dra inage Exper imental Unit r evealed that identical soils, under identical management and 
climatic conditions might have widely dif fering drainage schemes, local pract ices being the major 
determmant of design. In addi t ion, a number of long term F.D.E.U. f ield expenments on heavy land 
began to show r emarkably consistent results across the count r y. The major f ind ing was that 
pipes 1n Impermeable subsoils at economically viable spacings, without permeable backfill and 
Without a secondary drainage treatment gave no long term benef i t compared with the undrained 
state (Traffor d, I 977, I 978). The hydraulic conductivities of these so1ls 1s so low that a dra1n 
spacing of less than 3 m wou ld be requ1red f or efficient dr amage, at a cos t tha t would far out 
weigh the benef i ts of dr ainage. Currently 75 to 85% of all drainage work 1n England and Wa les is 
carried out on soils in wh ich the wor d clay f eatures in the subsoil and approximately 55% of 
these involved some kind of secondar y treatment t o enhance subsoil conduct ivi t y (Beven and 
Robinson, I 983, Robinson and Ar mstrong, 1 988). 
1.3 Drainage Technioues 
f) The Contribution of Science to Drainage 
The basic aim of agricultural underdrainage is to simulate the response of naturally occurring, 
freely dr aining soils to w inter rainfall. This is usually achieved in soils that have a limited ability 
t o transmit water in the natural state by installing a series of parallel drains as line sinks. The 
result ing lower water contents encourage root growth and increase the soil's mechanical 
strength, which gives a greater f lexibility in land management during the autumn and spring 
periods when access to the land is required (Steinhardt and Trafford, I 974; Bailey, I 979). Since 
the begmning of t hiS century scient i fi c investigations have lead to a good understandiOg of the 
f low processes that occur within a soil that has been drained, and how such a sink affects the soil 
water regime (Chi lds, 1 969; Smedma and Rycroft, I 983). 
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Tradi tional models and theor ies of soil water redistribut ion and movement to drains assume that 
rlow occurs at equa l rat es throughout a prof ile (Green and Ampt, 19 11 ; Phllip, 1957a,b;1 969; 
Youngs; 1 976; 1 983a,b). Wh1lst this can be seen to be largely true 1n laboratory columns of 
homogeneous soils, i t is not the case for agricultural soils (Youngs, 1965;1976;1983bl. Even if 
the local variat ion in so11 heterogeneity throughout a f ield is disregarded the behav1our of so11 
water is di r ectly related to the por e size distribution and continuity <Anderson and 
Bouma,1977a), wh1ch are f unctions or soil structural development (Chi lds,l969). These 
structural arrangements for a particular soi l are by no means constant and are subject to 
modi f icat ion by the weather and agricultural practices (which include the installation of 
underdrainage schemes) and can lead to significant di fferences in water retention and hydraul ic 
properties for sur f ace and subsurface horizons (Warkentin,1971; Nemec,1976; Bouma et 
a/.,1979). Any differences observed in the hydraulic propert ies for soils of a s imi lar texture can 
be solely attributed to thelr structure (Anderson and Bouma, 1977b; Bouma et a/.,1981 ), al though 
the surface structures created by agr icultural practices have been observed to be trans i tory in 
nature <Re1d, l 979) compared to those of the subsoi I (Archer and Smith, I 972; Low,! 972). 
The movement of so11 water 1s thought to predominantly occur through the macropor es of the so11 
ra ther than the bu lk of the soil mat r ix (Fiodkvist, 1931, 1 936; Nicho lson,l 934). These 
assumptions are based on the rap id responses of drains to ra i :~fa ll events and prec lude the 
possibility of water passlng through so il peds, particularly m the permeable A horizon. Th is 
preferential rlow has been demonstrated by Bouma and Dekker ( I 978) and invalidates classi cal 
dra inage theory (Hoodghoudt, 1 937; Ernst, 1 956; Kirkham,l 958). For a given dra in spacing and 
depth the fol lowing f actors were identi fied by Wesseling ( 1958) and Monke et al. (1967) as 
affecting drainflow and the relat i onship between drain discharge and water table height: 
al soil hydraulic conductivity 
bl antecedent soi I water content 
cl intensi ty, duration and amount of rainfall 
d) seasonal variat ion in evapotranspiration 
These have been used by many other workers since, to account f or the behaviour of drainage 
schemes under study (e.g. Robinson and Beven, 1 983; Re i d and Park inson, 1 984) 
i 1) Drainage Des1 go 
Subsurface dra inage normal ly r equires some technique of maintaining a channel w i th ln the soil 
system which will act as a line sink. This usually Involves ei ther clay tiles laid end to end, or 
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more recently lengths of perforated plastic pipe, placed in the base of a trench. Hydraulic 
grad ients that deve lop between the gaps of the t ile drains, or across the perforat ions of the 
plast ic pipe, encourage excess soil water to enter the dra ins and discharge at the drain outfall. 
The mer i ts and problems associated with both clay and plastic drains have been discussed in 
detail by several workers (e.g. Yarnel l and Woodward,l 920; Trafford,l 973; Ba il ey et al., 
1983). 
In practice drain depths do not vary greatly, usua lly between 0.8 m and 1.2 m, although on 
occasions they may be instal led as deep as 2.0 m in peat soils. The act of lay ing the pipe and 
refilling the trench, however, is of critical importance, as i t creates a zone of high hydraulic 
conductivity down to the level of the drain <Ku t i lek et al., 1976; Bouma et al., 198 I ). 
Unfortunately, whilst the permeab i lity of the backf ill may be adequate at, and just after 
instal lation, with t ime it will decline as the soi l reconsol idates. This situation has been remedied 
by the use of many different materials that are suitable and available locally , for example 
washed gravel, crushed stone, clinker, limestone and chalk (Castle, 1986), that are laid above or 
around the drain, pr1or to backfillmg to 1ncrease the hydraul ic rad ius and thus improve the 
efficiency of the drain (Kirkham, 1949; Chi lds and Youngs, 1 959). Without the use of such aids, 
the investment in pipe drainage alone has been shown to be of a limited short term benef i t <Denn is 
et al., I 98 1 ). Although the dra ins cannot control the speed of water tab le r ise, and hence 
increasing water contents, for a given depth of drain the rate of its decline for a given situation 
can be controlled by the ~ra i n spacing (Wesseling, 1958; Monke et al., 1967). Close ly spaced 
drains giving the best drainage performance. 
Drain spacings can be calculated by substituting known variables, that are specific to the soil in 
question, into a drainage design mode l. This allows the select ion of the drain depth and spacing 
that opt imises the balance between cost and benefit. Nearly all of these techniques are based on 
the Dupuit-Forchelmer approach, with Hoodghout's < 1940) formula used most often. In principle, 
there are no theoretical problems in the use of such formul aA,<e.g. Luthin, 1957), and they are 
very attract ive to mathematicians. In pract i ce, however, although the r esults may be 
scientifically val id for all values of hydraulic conductivity, va lues lower than 0.1 m.day-l will 
require a dr ain spacing that is uneconomically real istic. Such is the case for many of the so i ls 
that require drainage within the United Kingdom, the ir hydraulic conductiv i t ies be ing so low that 
the recommended spacing for the efficient drainage maybe as close as 3 m. Additionally, the 
complexity and cost of determining the governing factors of a soil, particu larly f or an 
impermeable soil, far exceed the benefits, in terms of improved product ion as a result of 
drainage (Trafford, 1975a). Consequently much of the drainage work in the United Kingdom lacks a 
truly scient i fic basis, and has developed from an accumulated knowledge of trial and error. 
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Current drai nage recommendat ions for England and Wales are based on the expenences ga ined 
from a number of regional f ield exper iments, that were established to find the most efficient 
dra inage systems <Traffor d, I 975a,b). These usually invo lve a system of permanently la id pipe 
drains at an economically vi ab le spacing, w i th either closely spaced mole drains drawn across 
them, or some form of subsoi I ing to enhance the hydraulic conductivity of the subsoi I. Both 
techniques are reasonable cheap and overcome the need to lay closely spaced permanent pipes 
(Trafford and Massey, 1 975). 
1.4 Principl es of Secondary Dra inage Treatment in England and Wales 
The majority of fi eld drainage work in the England and Wales is carr ied out on land w i th a high 
clay content in the subsoil and charactenstically low hydraul ic conductivities whi ch restr ict the 
movement of water to the more permeable surface horizons. In principle there are two possible 
solutions to this problem, either to use very cheap pipes at the calculated drain spacing or normal 
pipes at a wider spacing after increasing the hydraulic conductivity of the subsoil, both of which 
involve a mechanical mod i f i ca t ion of the subsoi I to enab le water to r each the pipe drainage 
sys tem. The use of mo le drainage and subsoiling are empirical app licat ions of th ese two 
alternatives that have been developed as standard secondary drainage treatm ents in t he U.K. 
<T raf f or d, I 975a). Subso i l i ng l i ft s and shatters the soi l, and thereby creates ar t i f i cial 
structures, whilst moles ire unl ined channels that provide drainage at an effective and economic 
spacing. To some extent they are interchangeable, although in theory they may be distinguished, 
with subsoili ng recommended for soils that have defini te compact ion problems, or cannot be mole 
drained <Swa in, 1975; M.A.F.F. 1982 ). Nevertheless, both subsoiling and moling must link to an 
underdra inage system, whi ch is ei ther natura l or man made in the case of subso iling, or man 
made in the case of moling. The connection between the secondary dr ainage treatment and the 
drain is achieved by permeable f ill <Cas t le,1 986) , which Is now placed over 60% of al l f ield 
drainage syst ems in England and Wales (Armstrong, 1981 ), and produces a signi fi cant increases in 
dra inage eff i ciency when compared with tile drainage alone. 
i) Mol ing 
The development of mole dr ai nage has been reviewed by a number. of workers (e.g. 
Nlcholson, 1 953; Rycroft, 1 973; Sh1pway, 1 986) , and dates back to the 18th cen tury when 
Switzer first exploited the plast ic characteristics of clays to produce unlined drainage channels 
w i th in the subsoil. lt is, however, only in the latter part of this century that r esearch work has 
attempted to explain the interact ion between soil physical propert ies and the design of the mole 
plough on the creation of the most effect ive mole drainage channels. 
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The current pract1ce in England and Wales 1s to draw a mole plough, wh1ch consists of a steel 
shaft at the base of wh 1ch IS a 75 mm bullet with a 1 oo mm expander (Godw in et al., 1981 l, 
through the soi l at a depth of 0.45 to 0.60 m and a 2 to 3 m spacing. The operat1on is usually 
carried out in May or June dur ing the drying eye le when the upper 1 ayers of the sol 1 are dry 
enough to crack and fissure, but at depth the soil is sufficiently plastic to form a stable mole 
channel. In soil mechanical terms the channels form because the work is carr1ed out be low the 
cri tic a I depth of the soi I (Spoor and Godw in, 1 97 8), overburden pressure preventing a general 
upl ift of the soil. This contrasts the aim of subsoiling. The amount of fissuring is of Importance 
and has been successfully shown to influence the flow of water frcm the soli surface to the mole 
channel, thus bypassing the major part of the soil matrix (Leeds-Harrison et al.,l 982; Robinson 
and Beven,l 983; Reid and Parkinson,1984a). Subsequent cultivations should be carr ied out w i th 
care has they have been shown to eff ect the continuity of these cracks, wh ich alters both mo le 
drain performance and the soi I water regime (Goss et al., 1984; Leeds-Harrison and 
Jarvis,l 986; Shipway, 1986). The stabi lity and life of these channels have been shown to depend 
upon so11 type and conditiOns at installat ion. Fai lure occurs due to either the t ype of clay present, 
i t s content (less than 30%), or inclusions of sand or stone pockets within the subsoil (Spoor et al. 
1982a,b; Spoor and Ford, I 987). 
I i) 5UbSOillOQ 
One of the earliest refere·nces to improved drainage and crop production by subso i l ing was in 
Scotland in 183 1, wlth a great deal more recent work carr1ed out in the 1970's and 80's at 
Silsoe College (Castle et al., 1984). The objective of subsoiling is to break up the subsoil to make 
it less dense and so improve air and water movement, thus creating a more hospitable 
environment f or plant roots (Swain, I 975; Unger et al., 1981; M.A.F.F .• 1 982). The arrangement 
and working depth of the t ines mflueoce the degree and quality of soil loosening that is achieved 
(Spoor and Godwin, l 977,1978; Ahmed and Godwin, 1983; Spoor and Fry, 1983). When subso i liog 
i s carr1ed out to allev1ate drainage problems the drains are spaced at rarely more than 30 m and 
may be as close as 10 m. So il water deficit should be gr eater than l OO mm if maximum soil 
disturbance is to be achieved (M.A.F.F., 1976). In theory all operat i ons should take place above 
the cri t ical depth of the soil, however, in practice much of the subsoilmg associated w i th 
drainage occurs below this depth, at 0.40 to 0.60 m. creating square shaped channels that behave 
as an Inferior f orm of mole drainage (Trafford,l973; Bailey, 1979; Rob1nson and 
Arms trong, 1988). 
In recent years many shallow subsoilers or soil loosener s have become available to farmers, 
w1th of ten ambi t ious claims as to the potential benefit of regular soi l loosening on the re lief of 
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compact10n. soil water disposal and crop yields. Work conducted both in the Un i ted States (e.g. 
Musick and Duseck,1<)75; Unger et al.,1<)81) and m the Un1ted Kingdom <e.g. Marks and Soane, 
1 <)87; Hipps and Ho0gson,1 <)87l have confirmed the benefit to the crop from so11 loosening. These 
effects have been observed to last between 2 to 5 years, and are dependent upon the soil 
condi t ions at the time of subsoiling and subsequent management (Soane et al., 1987; lde et al., 
1987). Al though i t is has been frequently reported that subsoiling does increase infiltration rates 
and soil permeability <e.g. Swain, l 9-:'6; Unger,1979l li ttl e work has been carried out on the 
changes m the soilwater disposal processes. 
1.5 Field Drainage Problems in England and Wales 
Drainage problems in the United Kingdom can usually be divided into two broad classes; 
groundwater and surf ace water, both of whiCh necessi tate the practice of land drainage to re lieve 
limitations to agricultural product ion and eff icient land use. Groundwater so11s may be reasonably 
permeable but are susceptible to water logging due to ris ing water tables, whi lst surface water 
soils have impermeab le layers With in the pr ofile t hat restr ict the movement of water 
(Nicholson, 1953). Between 1971 and 1980 these two soi 1 water problems accounted for 32% and 
58%, respective l y, of all the dra1nage work 
and Armstrong, 1988). 
carried out i n England and Wales (Rob inson 
The majority of permeable soils w i th ground water problems are located in low lying areas, 
commonly in Eastern and Northern England, for example, 1n the f enlands of East Anglia or on the 
coastal plain of Lancashire. Most of the soils are silts or peats t hat have developed over 
impermeable strata, and are potent1ally very productive, supporting major elements of the 
horticultura l industry, when the waterlogging problem is controlled <Davis, 1975, Roblnson and 
Armstrong, 1988). This is usually achieved by a comprehensive system of pipe drains laid at 
about 1.0 m depth, and at a relatively wide spacing of between 30 and 40 m (Castle et al., 1984). 
In contrast, sur face water problems are much more widely spread (Rob inson and 
Armstrong, 1988), with approximately 30% of the agricultura l land in the Un i t ed Kingdom 
covered by fine textured so i ls that have been classified as surface water gleys (A very et 
al., 1974). These soils are characterised by slowly permeable horizons that impede natural 
dramage and are prone to structural damage In the autumn and spring as a r esult of sus tamed high 
water contents (Robson and Thomasson, 1977). Typically, the textural description of the subsol 1 
w ill include the word clay, that is, clay, clay loam, silty clay, sandy clay etc. <Trafford, 1973) 
and contain less than 15% of particles greater than 0.06 mm in diameter. If these soils are to be 
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eff icient ly managed, cul t ivation pract i ces and livestock access must be restncted to periods 
when water contents are low enough to prevent damage. Mismanagement due to untimely 
cultiva t ions or to a h1gh a stocking rate leads to a loss of structure, wh ich, w1 11 in turn 
exacerbate the drainage prob lem and reduce productivi ty <Boone, 1988; Hakansson et al., 1988). 
In recent years attent ion has focussed on the drainage of the heavy clay soils in th is group, t o 
r elieve the limitations 1n 1ntens1ve cereal and livestock produc t ion expenenced in Centra l and 
Eastern England. According to the curr ent soil sur vey handbook (Hodgson, 1976) these so11s have 
at least 30% clay sized part icles (<2~). Current dr ainage specifications for the rapid disposal of 
excess w inter ra infall in these clay so1ls invo lve closely spaced mole dr ains dr awn over p1pe 
l aterals backfilled with gravel , l aid at a 30 to 40 m spacmg (Castle, 1 986). Such schemes have 
been proved to function ef f iciently for the ir des ign span of 5 years or longer (Armstrong, 1 986; 
Parkinson and Reid, I 986), when soil conditions al low the formation of a stable mole channel 
(Spoor et al., 1 982a,bl. 
There are, however, large areas of structurally unstable sil ty soils derived from the Palaeozo1c 
slat es in South West England, m Wales and in many parts of Scotland, which are potent ially very 
product ive if wel l managed, due in part, to their high ava i lable water capacities (Oavis, 1975; 
Findlay et al., 1984). The extent and distribution of these sofls, which have been classi f ied as 
Dystric Cambisols, is shown in Figure 1.1. However, it should be stressed that not all of t hese 
soils are exclusively unst(lble. Characteristi cally these soils have a preponderance of Si lt sized 
partic les <0.002- 0.06 mml, ranging from 35 to 90% (Hodgson, 1976). This dominance of the f 1ne 
earth fract 1on by si Its and the associated low clay contents (I 0-35%) give r ise to weak 
structures wh iCh have a limi ted potential to shrink and swell (Russel l, 1973; Davis, 1975) and 
therefore natural amelioration which has been reported for swelling clays (McGowan et al., 1983) 
does not occur so read ily. Without satisfactory subso i l drainage the chances of structural 
deterioration due to mistimed arable cultivations or high stocking rates is mcreased. This is a 
prob lem that is exacerbated m the south west by impermeable subsofls and high annual rai nfalls 
that combine to restrict the use of mole drainage upon these soils (Findlay et al., I 984). 
The seriousness of th i s problem was identified by M.A.F.F. as long ago as 1970, when 1t was 
estimated that some 400,000 ha of land in the South West wou ld benefit from land drainage 
(Strutt, 1970). At the t ime this was 20% of the agricul tura l area of a r egion 1n which 40% of the 
land was devoted to arable crops and 20% to temporary grassland. Between 1971 and 1980 some 
48,000 ha were drained with in the r egion, w i th over 60% of the schemes recorded as deep 
random drains (Arm strong, 1981 ). A traditional pract ice used to control seepage water that 
erupts from the underlying slate and has been shown to have 11ttle effect upon the surface water 
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problem (Young and Rycroft, 1977). With the cereal area iocreasmg due to E.E.C. incent ives, from 
16% in 1969 t o over 20% in the 80's, and increased stocking rates from 60 to over I oo 
livestock units per 100 ha (St rutt, l 970; Fiodlay et a/., 1984), there is st1ll an urgent need to 
determine t he err 1c1eocy of dramage treatments wi thin these so1ls,i f agricultural productivity 1s 
not to be impaired. Part icularly in view of the current proposals f or a reduction In t he use of 
fer tilizers and pestiCides, poor dramage of these soils cannot be tolerated If agricultural 
pr oduction is t o rema in economically v1able. Consequent ly a detailed study of water flow to t ile 
drams in loosened and unloosened Si tuations is required with particular attent ion paid to: 
al the annual soil -water regime, 
blthe variat ions in water disposal by drainage systems at a f ield scale; and 
cl the eff iciency of subsoiling and other soil loosening operat ions whict1 ar e aimed at artificially 
increas ing soil poros1ty and soi I drainage. 
1.6 Alms and Exoerimental Des1gn 
The aims of th is study are to: 
i) Quant if y the physical changes In a silt soil that follow loosening oper at ion 
ii) To record the temporal vanat ions 10 soil water content for sil t soils under 
arab 1 e cropp mg and grass 1 and. 
iii) To establish the effectiveness of soil loosening on the water disposal process 
of a drained so1l. 
In order to achieve the aims of thiS study a drainage scheme was installed at Seale-Hayne College 
Farm, Devon. The study area representative of the poorly drained, structur ally unstable silty 
soils that have developed over Palaeozo1c slates. to September 1985 a r egular system of six 80 
mm drains wer e laid 20 m apart , at a depth of 0.75 m, with permeable fi 11 t o wi t hin 0.30 m of 
the soil surface. Following instal lati on, recorder s were placed at the outfall of each of the six 
laterals, to enab le cont inuous monitoring of drainfl ow. These are descr ibed in detail in Section 
4.4. The winter of 1985/86 was used to allow the syst em to 'se tt le down· and gave an 
opportunity to establish patterns of soil hydr aulic variability and drainflow r esponse 
before the applicat ion of secondary drainage treatment s. 
In September 1986, following harvest, half the experimenta l area was loosened to 0.40 m depth, 
prior to subsequent cul t ivation of the whole f ield f or the next crop of winter wheat. Throughout 
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the f ollowing autumn, wmter and spr ing f ield experimental work com~rised measuring soil 
physical condit ion, soil water propert ies and record ing drainflow hydrographs from both loosened 
and unloosened drained plots. Intens ive sampling of soil physical propert ies and strength occurred 
at regular intervals t hroughout the year. 
Soil water cont ents were determined at three locat ions on each drainage treatment and on an 
adjacent undra ined grassland site at weekly or fortmghtly Intervals from October I 986 to 
Sep t ember I 987. In addi t ion mer cury tensiometers we:: ·nsta lled on each treat ment ar ea to 
pr ovide detailed informat ion on changes in soilwater ener get ics, partil..ularly during storm 
periods. The location of these and other experimental sites is described in detail in Chapters 4 and 
5. 
Cont inuous rainfall records wer e obtained from the college weather station f or the per i od 
September 1984 to Sept ember 1987, w l th additional records made at the exper imental SIte from 
Sep tember I 985. Pr edicted r ates of evapotranspira t ion were extracted from weekly 
M.O .. R.E.C.S. data sheets for cl1matlc area 189. 
Withm the framework of the data collec ted during thi S study i t Is hoped to brmg about a better 
understanding of the hydrolog ical and physical r esponses of sil t soils to drainage treatments, and 
f orm a r ef erence point from which farmers and grower s can develop land management decisions. 
-25-
~ Dystric Cambisols 
.f 
FIGURE 1. 1 0 I STR I BUT I ON OF STRUCTURALLY UNSTABLE SI L TV 
SOILS IN THE BRITISH ISLES <EXTRACTED FROM THE 1:1 000 000 
EUROPEAN SOILS MAP) 
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PART 11 
SITE DESCR IPTION AND ORA I NAGE TREATMENT 
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CHAPTER 2 
LOCATION AND DESCRIPTION OF SITE AND SOl LS 
2. 1 Geograoh ical Locat ion 
i) Location and Geology 
This expeClmeotal study was carried out at Seale- Hayoe College farm (Map r ef. SX826273) on a 
structura lly unstab le si l t y clay loam, that occurs extensively 10 the South West of England on 
Palaeozo ic slat es. The soils are t yp1cal f or t he Newton Abbot area, and have been descr ibed 10 
detai I by Claydeo < 1971 ). The far m IS appr oximately 3 km to the north- west of Newton Abbot, 
occupying a low water shed between the Rivers Te igo and Dart, w1th Dartmoor ris10g to 300 m 
above sea level t o th e west. The relief of the area r ef lect s a complex geol ogy, which is 
summansed in Figur e 2. I. A fu ll account of the geological development of South Devon 1s given by 
Durraoce and Laming < 1 982), w1th a detailed descript ion of facles changes and varsfcao 
structures for the Newton Abbot ar ea by Selwood et al.,< 1 984). 
The district surrounding the college lies on the south east boundary of an old massi f of Palaeozoic 
. 
r ocks, which for med Western Brita in, and younger f ormations of Permiao and Cr etaceous 
per1ods. Tec t onic disrupt ion carr1ed t he Devooiao format ions northwards and westwards over 
Carboniferous rocks <Se l wood et al., 1 984). Tert i ary deposit ion occurs along the Lustlelgh -
St lcklepath f au l t , t o form t he Bovey Beds. These changes in geological formation are reflected in 
distinct ive complex landscapes 10 the Newt on Abbot area, wh ich were rat ionalised Int o 10 
structural un i t s assoc1ated w i th the dom10ant Palaeozoic rocks by Selwood et al.,< 1984). The 
College is predominant ly south facing with an uodulat10g r elief, elevat ions rang ing from 45 
metres to 176 metres above sea level. Th iS low r e11ef is character istic of landscapes that have 
developed over Devooian slates. 
Seale-Hayne College farm is locat ed w ith1o the Highweek un i t used by Selwood et al., ( 1984) to 
describe the landscape assoc1at ed w i th the Gurr ington slates; (Upper Devoniao, Durrance and 
Laming, 1 982). The sl ates of th iS f or mat ion have been displaced northwards along the Goodstooe 
thrust over t he Chercombe Bridge I fmes tooes of the Dartmoor plateau. Uo I ike many of the ot her 
slates of the area the Gurrington slates have experienced no major fo ldi ng, but changes in 
cleavage (450 at Wood lands, 5X79 1688, to I I 0° near Newton Abbot) may have been caused by 
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drag movement s along the Tert1ary w r ench f aul t s associa t ed wlth the Bovey Basin. The 
Gurrington Slates are of unknown th1ckness w i t h pur ple - green slates in the centra l part of the 
strata f lanked by harder gr ey slates. The ef fects of glaciation on the soil formation in the South 
West are negl iglb le <Catt, 1979). 
i I l Hydrometeorologlcal Patterns • 
Climat e has an important affect upon soil development and eff icient agricultural land use,thus In 
dramage studies, a knowledge of r ainfall distribut ion and evapot ranspirat 1on thr oughout a 
hydrological year is requir ed i f deplet ion and recharge of soil water is t o be understood. In South 
West England prox1m1ty to the sea, al t ltude and aspect all influence the climat e expenenced. The 
region is exposed to mild, moist, marit ime inf luences which decline eastwards, r esulti ng in lower 
ramf alls and colder w int ers (M.A.F.F., 1976; Fmdlay et al., 1984). 
Hydromet eor ologlcal var iables f or England and Wales f or a 30 year period from 194 1-1970 ar e 
summar ised in M.A.F.F. ( 1976). The report divides t he country into maj or climat ic areas, the 
exper imenta l site be i ng situated i n ar ea 43S. The mean monthly ra infall and potential 
evapotranspi rat ion are presented in Tabl e 2. 1. For compar ison, mean monthly rainfall for a 30 
year 'short term· period ( 1941 -70) and a 60 year ' long term· per1od ( 1924-84) for Sea le- Hayne 
Col l ege are also presented. The 30 year and 60 year r ecor ds referred to respectively as short 
term (S.T.Ml and l ong t erm (L.T.M.l meansJ r· a1 nfall measur ements having been taken at the 
College weat her st at ion since 1924. The similari t y between month ly rainfall t otals for the 
M.A.F.F. ( 1976) val ues and the Seale-Hayne College S.T.M. and L.T.M. are shown in Table 2.1. On 
examinat ion of rainfall distr ibut ion and potential evapotranspiration, it may be observed that 
ramf all exceeds evapotransplration for the per1od October to Mar ch. This per iod Is the drainage 
w inter when land is liable to a sur f eit of ramfall with 58.3% <M.A.F.F., 1976) and 6 1.4% 
(L.T.M.l of total precipitat ion falling over th is 6 month per iod. 
lt Is dur ing the months of May,June,July and August that significant soil water def icits may 
accrue, as potential evapotransp iration exceeds rainfall. Pot ential evapotr anspiration declines 
rapidly from August to September with coi ncidentally higher r al nfalls that r eplenish the soil 
water store. It must be emphasised that to fully understand soi 1 -wat er interactions long t erm 
hydrometeor ological val ues presented in Table 2. 1. do not give an Indicat ion of variabi l i t y from 
year to year. Therefore, hydrometeorolog ica l pat t erns for the experimental period are r eviewed 
1n Chapt er 7 with annual t ot als varying between 80 and 90% of the L.T.M. 
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lil) Soj)s or Seale- Hayne College Farm 
Clayden < 1971 ) surveyed the so11s formed on the Devonian slate hllls us ing local place names to 
differentiate soil ser ies m accordance with the soi l classi fi cation scheme of the t ime (Avery, 
1965). Us ing th i s work, Park inson and Usher ( 1985) Identif ied the major soi 1 ser ies on 
Seale-Hayne College farm and are shown in Figure 2.2. A rat ionalisation of soil classification by 
Clayden and Hollis < 1984), into precisely defined taxonom ic un1ts, differentiated according to 
1 i thology, has led to the loss of local series names and r eclassification according to a nat1onal 
taxonomy. Thus, the Highweek, Pulsford and their variant map units have become part of the 
Denbigh <I or 2) and Hallsworth Assoc1at10ns respect ively (Clayden & Hollis, 1984, Pers. Comm. 
Harrod, I 985). The characteris ti cs of these series (Clayden, I 971) reflect the mteract1ve 
mfluences of parent mateClal, re l1ef and c11mate, whereby slope controls the hydrology and soil 
water regimes, rang i ng from freely to poorly drained with so ils on the steeper slopes being 
natural ly better drained. The maJor so11 series identif ied are briefly descr ibed in Table 2.2. along 
with a defmitJOn and the modern equivalent (Clayden and Hollis, 1984). 
2.2 Soll Prof 1 le Charactenst 1cs 
Detailed soil analyses were earned out on 3 profile pits located within the experimental study 
area, se lect ion of sampling pomts being dictated by surveys and analyses reported in Section 2.4. 
Profile Pits I, 2 and 3 (see Figure 2.3 for location) were chosen to illustrate the pedological 
variatiOn in profile development between the 3 soil depths described in Section 2.4 (ill. A fourth 
profile, Profile 4 was examined on a permanent pasture <see Figure 2.2 for location) that was 
used as a control s1 te for soil water measurements <see Chapters 5 and 7). Th1s si te was chosen 
as it had been mapped as the Pulsford series by Clayden (I 971) and would allow compansons to 
be made between cult ivated and uncult ivated soils. 
Each profile was excavated to expose the underlying slate and examined accordmg to the methods 
outlined by Hodgson < 1 976). Samples were taken from each diagnostic horizon of the 4 proflle:'!l 
described to determine particle size, bulk dens i ty, particle dens i ty and soli water re lease 
characterist i cs. 
i) So !I DescrJDt ion 
Descr iptions presented in Appendix one are based on the 4 faces exposed in each profile pit, as 
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so lum depth varied with the micro- relie f of the underlymg parent matenal. Each profi le was 
excavated to the depth of underlymg parent matenal, Profile 1 was the shallowes t at 55 cm, in 
agreement with surveys carr ied out in Sect ion 2.4 (iil on var iability of soil depth whi lst prof iles 
2 and 3 were excavated to 73 cm and 82 cm respect ively. Profile 4 varied in depth, unweathered 
slate forming a r 1dge between 65 cm and 80 cm deep.The lack of variation which was noted 
between surface horizons with in the study area was attr ibuted to the homogenising effect of 
ploughmg. Texture ranged from fme granu lar sil t y clay loams to weak granular silty clays w1th 
stone contents as a percentage of total soil highest in Profile 1. The lack of cultivat ion on the clay 
loam or Profile 4 is r ef lec ted in the medium to f i ne granular crumbs that have developed under 
grass (Emerson, 1959; Low, 1972). Var 1at10n bet ween the 4 profiles Increases w1th depth, 
d1agnost1c gleyed subsurface horizons occurring below 28 cm in prof iles 2, 3 and 4, which extend 
into permeab le BC I Cu hor1zons or weathered slate debris and Sl lty clay loam. The less 
permeable Bg and BCg honzons 1n profiles 2, 3 and 4 are the products of soil forming processes 
act ing upon the already physically weathered head materia l (Hollis, pers. corn., 1986). Mottl lng, 
grey ped races and mangan1ferous stain1ng below 28 cm are Indicative of poorly permeable 
subsoil hor izons that experience short periods of saturation (Veneman et al., I 976 and Murphy, 
1 984). Measurements on the BC I cu horizons were restricted by the slate debris that made 
sampl mg di ff icult. 
The shallowest soils on the s1te appear freely draining and the fme subangular blocky structure of 
the B hor1zon in prof ile 1 comcides with descriptions by Clayden ( 197 1) for t he Highweek series 
(now Denbigh Associ ation, Clayden and Holl1s, 1984). The few mottles present sugges t only 
per1od1c wetness, wh il st the deepest soils (with slate debris at 75 cm+) experience longer 
per iods of saturation because the slowly permeable horizons ar e sign1f1cant barriers to w~ter 
movement. These factors, along w lth the massive structures, are in agreement w lth the 
characteristics of surface water gleys as def med by Avery ( 1 980) and Murphy ( 1 984). Similar 
diagnostic honzons have been described by Clayden ( 197 1 ), Harr od et al .,( 1 976), Hogan ( 1977, 
1981), and Findlay et al ., (1984) for so1 l s with in the Hallsworth Association (former ly 
Pulsford). With r eference to Section 2. 4 (il) 1t can be seen that the depth of solum above 
unweathered slate clearly Inf luences the character ist ics of the soils less than 0.5 m deep. Prof ile 
.. 
1 exhibits character istics of the Denb1gh series, whilst the deeper soils prof iles 2, 3 and 4 are 
mtermed1ates of the Sportsmans Assoclat 10n, first described by Hogan, ( 1 977 l < Ho 11 is pers. 
comm ., I 986). The occurrence of the Sportsmans series, as a subsidiary in the Pul sf ord map 
un1t , was f irst reported by Hogan ( 1981 ). 
. ··~ 
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1i) Soli part icle Djstnbutjon 
Bulk samples wer e taken from each hor i zon and particle size distributions were carri ed out on the 
f ine earth fraction (<2 mm) usi ng s1eve and pipette methods out l ined by Avery and Bascomb 
< 1974) and Day< 1965). 1n addit i on organic matter contents f or each horizon were determined by 
combust ion at 800°C (after Broadbent,1965). Results are summarised in Table 2.3: sand, s i lt, 
and clay expressed as a percentage of the f ine earth fraction (<2 mm). 
Several trends can be seen f rom the data presented for the 4 profiles which highlight s imilarit ies 
and di fferences. All prof i les show a dlCect mcr ease 1n sand and stone content w1th depth, a trend 
observed 1n many so11s developed over slaty head (F ind lay et al., 1984). This incr ease Is often 
associated with sandy loam to c lay loam subsoils,whlch have a subangular blocky structure that 
form a matrix around the weathered slat e. Pr ofile 1, a typical 'brown earth' of t he Denbigh 
Assoc 1ation is ver y sim11ar to the H1ghweek shallow phase var iant first described by Clayden 
< 197 1 ). Clay content mcreases w i th depth at the expense of the s1l t fractlon although the si lt and 
c lay make up 60-80% of the f ine earth frac tion in any hor1zon. On f 1rst exami nat ion, prof1 les 
2, 3 and 4 apparently exhi bi t a sim ilar trend of Increasing clay content w ith depth at the expense 
of the s11t fracti on. However 1n prof i le 4 this 1s r eversed below 60 cm depth, w1th a not iceab le 
increase 1n sand content which ranges from 20% in the surface horizon to 40% in the subsoil. The 
fme gr anular to massive structures of prof i les 2 and 3 coincide with the Sportsmans variant of 
the Pulsford map unit first noted by Hogan ( 198 1), wh ilst profile 4 approx imates closer t o 
descClpt ions of the Sportsmans Assoc1at lon made by Hogan < 1977 ). 
1 i i) Bulk Density 
Bulk dens1ty 1s the rat1o of mass of oven dCled soil t o 1ts t ota l volume. Th i s crudely reflects the 
SOil'S struc tural condi t ion, which w i ll vary with the t extur e, depth, or ganic matter and water 
content (Hall et al., 1977; Marshall and Holmes, 1979) and 1s known to 1nfluence the behaviour of 
a soil <Emer son, 1959). A knowl edge of bulk densi ty variation is essent ial in soil water stud ies, 
especially i f structural cond1 t 10ns are changed by cultivation and dra inage pract i ces, as this will 
affec t so i l -water-plant interactions <Russell, 1977; Marks and Soane, 1987; Soane et al., 
1987). Root growth 1s s1gn1 f 1cantly affected by bulk densi t ies great er than 1.5 t.m-3 and ceases 
when these values reach between 1.7 and 1.9 t.m-3 <Russell, 1979 ). 
Agr icul tural practices alter bulk dens1ty, of ten detrimentally, through the action of machinery 
<traf f lcklng) and l ivest ock (poaching), restricting water movement and root growth due to the 
development of compact layers within the so11 profile. Compactlon is basically a simple process 
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whereby so11 part1cles rearrange themselves in r esponse to an 1mposed stress that results 1n a 
decrease in volume for a g1ven mass of so11. A monograph ed1ted by Barnes et al ., (1971) 
out lmed the problems of compact1on and 1ts effects on SOil-water-plant interactiOns. S1nce the 
early 197o·s (Strutt, 1970) the study of compact10n and methods of al levi at i ng 1t have been 
researched (Arkm and Taylor, 1981) and i t as been noted that changes in bulk density are 
inversely related to total pore space (Hall et al., 1 977) which in turn affect water and a1r 
contents. 
Measurements of bulk density can be made usmg cores, replacement methods or gamma ray 
transmission (Blake, 1965; Fre1tag, 197 1 ). When porosity and water retemion measurement are 
also to be made, as 1n this case, undisturbed core samples must be taken. For the four profile pi ts 
excavated, tr ipl icate samples were removed from the centre of each horizon (Hodgson, 1 976). 
Core si ze (3.0 cm x 5.4 cm, 69 cm3 volume) was restricted by soil moisture release apparatus 
used, <see Section 2.3 (vi)). The rat io of diameter to lengt h of the coring cylinder was 1.8, 
which approaches the recommended va lue of 1.5 given by Smi th and Thomasson( 1 974), but due 
to the small volume sampled care was required to avoid sample distortion. 
Bulk densities for the 4 profiles are presented in Table 2.4 for cultivated and permanent pasture 
si tes. As expected, the general trend f or all s1tes 1s an Increase in bulk density w1th depth, but 
again variati0rtS between prof iles are also notable, related to texture, soil depth and management 
history. Profiles 2, 3 a[ld 4 are similar 1n the BCg I Cu honzons reflecting textur al change( 
increasing sand and stone content), but values diverge from the base of the prof iles upwards. The 
differences observed between Prof1le 4, on permanent grassland, and the cultivated prof ll es can 
be attributed to on the one hand, the ameliorative effects of grass and on the other, degradation 
of aggregates due t o cul t1vat 1on (Low, 1972; Hal l et al .• 1977). Var iat ions in the prof iles on the 
study area can be accounted for by the Interaction of depth of soil, texture, annua l soi 1 water 
regime and response to cultivatiOn. Only Prof i le 3 exh1b1ts a compact subso11 w i th observed 
values ranging from 1.46 to 1.6 1 t.m-3, attributab le to 1ts massive structure and 5 years of 
cult ivation. The lower values of profiles 1 and 2 with depth are due to better structural 
development, and in the case of Profile 1, a reduction in clay and silt content with depth. 
iv) Particle Dens1ty 
Soil particle dens1ty 1s used in the determination of total soil porosity and is expressed as the 
total mass of a uni t volume of solid particles <Biake, 1965). Care is required when measuring soil 
particle densi ty, an assumed average values for arable mineral so1ls is 2.65 t.m-3, which can be 
s1gn1f1cantly affected by the minerals present (iron oxide- specif iC gravity 3-5, Brady, 1974) 
and increasing orgamc matter content can Signif icantly reduce the average part icle density. 
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Partic le density was determ med usmg the pyconometer t echnique described by the British 
Standards Insti t ution < 1967). The values in Table 2.4 are the mean of three samp les, t ests wer e 
repeated i f r epli cates di ff er ed by more than 0.03 t.m-3. 
v) Clay Mineralogy 
Clay minerals impart hydrophilic charac ter istics to the soil matr1 x and can exert a lar ge 
influence on the phys ical r esponse of a vol ume of soil t o w ett ing and drying (Baver 1972). 
Identifi cat ion of the cl ay minera ls that occur 10 the clay fract ion (<0.002 mm) is important in 
understand ing th1s phys1cal behaviour and the pedogenic development of a soil pr ofi le. The clay 
minera ls present are products of parent materia l weathering and ref lect the environment 
(Russel l, 1973). Hogan < 1977) r eport s that the clay minerals of the Pulsf ord map uni t were 
dominant ly mi caceous, inher i ted f rom the par ent mater ial, weather ing to chlorite w i th some 
kaol ini te <A very and Bullock, 1977). 
Evidence of transf or mation of micaceous clays to expansible 2: 1 c lay miner als i s well 
document ed <Birkeland, 1974; Fanning and Ker imidas, 1977,). However, environmenta l condi t ions 
will affect thi s transformat ion, waterlogged and acidic conditions causi ng the development of 
hydr oxy inter layers in t he expansible 2: 1 clay minerals, converting them to pedogenic chlor i te. 
Conversely, soils with high pH's and low ra infa lls will t end to accumulate t he 2: 1 expansible 
c lays. 
Identif icat ion of the clay miner als present was carr ied out by X-ray diffr action of t he clay 
fraction for each horizon of the profi les descr ibed. Samples of the clay fract ion were prepared 
according t o t he met hod outlined by Avery and Bascomb ( 1974). The diagnostic peaks of the 
di ffract ion traces were analysed using tab les from Rich and Kurge ( 1964), t o Ident i fy the 
presence or absence of mineral s. The clay fract ion of all hor izons was dominated by micaceous 
clays, lCOn r ich chlorite and quartz. No quanti t at ive estimat es were made as di ffrac t ion traces 
wer e not of a good enough quali t y , although Chlorite peaks did decline with depth, possibly 
r ef lect ing r educed weatheri ng action at depth. 
2.3 SoJ] Water Retent10n and Porosi ty 
I ) Determination of the Soil Water Release Characterist ic 
The volume of wa ter retained at a r ange of sucti oos (0.005 MPa to 1.5 MPa) is r elat ed t o a soil's 
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structural development and texture (Childs, 1969), wh i ch in turn affects its dra inage status 
(Thomasson et al., 1975) and the availab il ity of water for plant growth (Hendrickson and 
Veihmeyer, I 929). ThlS r elationsh ip is specific to individual soils and is termed the soil water 
release characteristic (Scholfield, I 938; Chi lds, 1 940a). lnterpretat1on of the soil water 
characteristic of a whole prof ile must be made as changes in structure and texture influence the 
water content 1n other parts of the prof ile (Rlchards, l 955). Thus potential gradients deve lop 
along which soil water will move, from high to low water contents (Childs, 1969). At low 
suctions (0.005 MPa to 0.1 MPa) it 1s the mterstit i a1 spaces (pores) of the matri x that control 
the release of soil water <Richards, I 965a) and to ach ieve this measurement the fie ld structure 
of the soil must be sampled, whilst at h1gher suctions (0.2 to 1.5 MPa)it is the specif ic sur face of 
the soil that controls water re lease (Hillel, 197 1 ). 
a) Low Pressure Porosjmetry 
Tempe pressure cells supplied by theSoil ti'\ Oi sture Equipment eo. were used to determ ine the 
re lease character1st1c of undi sturbed soils over a range of suctions 0.005 MPa to 0.1 MPa. The 
development of th is system arose from the use of por ous ceramic plates in the determinat ion of 
water rel ease char acteristics at low suctions by Richards < 1 956), and the methodology is 
out I ined by Richards ( 1 965a). 
Determinations were made on triplicate cores taken from each horizon of the 4 prof iles. As 
previously stated, extreme care was taken in obtaining these cores due to the ir smal l volume (69 
cm3). A volume in excess of 200 cm3 is normally recommended (Hall et al., 1 977). Pr ior to 
setting up the pressure cells, the porous plates and samples were fully saturated with de- alred 
disti lied water for a 48 hour period, following pretreatment details outlined by Vomocil <I 965). 
On saturation samples were placed in the pressure cell and equilibrated at suctions of 
approximately 0.005, 0.0 1, 0.05 and 0. 1 MPa, and it was assumed that the volume of water 
re leased was equivalent to we ight loss between each pressure increment. On equilibration at 0.1 
MPa the sample is removed from the pressure cell and its water content 1s determined on a 
volume fraction basis by drying at 1050 c. Since the volume of the soli sample is well def ined by 
the dimens1ons of the retaining core, the bulk density can be calculated (see Section 2.2 (iii) ) and 
if particle density is known (Section 2.2 (iv)) the total por osity can be calculated (Vomoci l, 
I 965). 
b) HiQh pressure porosjmetry 
Release of water from the specific surface of the soli, water held between 0.2 and 1.5 MPa, was 
de term 1 ned using pressure membrane apparatus <Richards, 1 947. 1 965a), supp I ied by the Soi I 
Moisture Equipment eo. care is required in handling the cellulose membr ane, Waters< I 980) 
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recommending the use of pressure plates as cellulose membranes are suscept ible t o rupture. To 
r educe the r isk of damage to the membranes, each was saturated prior to f i tting on the extractor 
frame, care taken to smooth out wrinkles. Additionally, samples were sieved (<2 mm) to r emove 
st ones that might damage the membrane. Disturbed samples were thought adequate as water held 
at suct ions great er than 0.2 MPa is associated w i th the intra-aggregate pores rather than larger 
inter-aggregate spaces of the soi 1 matr ix (Richar ds, 1965a). Samples were placed in rubber 
r eta ining r ings< I cm x 4 cm, 12.6 cm3) on the cell ulose membrane and saturat ed with de-ai r ed 
distilled water f or 48 hours. Fi fteen samples could be run at one t ime, and on equil ibrat ion at 
e1 ther 0.2 or 1.5 MPa pressure samples were removed and water content det ermined on a 
volume basis by drying at 1 osoc. 
ii) Soil Water Release Character ist ics - Prof iles I to 4 
Soil water r elease curves were obtained using low and high pressure poros1metry f or horizons 
described in sect1on 2.2 for Prof iles 1 to 4. This data, for each horizon sampled is presented in 
Table 2.4, f or water contents at 0.005, 0.0 I, 0.05, 0.1, 0.2 and 1.5 MPa suction, values for 
total porosi t y and ai r capacity are also presented (Vomocil, 1965). As stated previously, i t is 
not enough t o interpret the soil r elease curves for each ind ividual horizon, as water r etenti on and 
movement within a honzon 1s influenced by the properties of neighbouring horizons (Child, 1969; 
Miller, 1973; Hall et al., 1977). To assist interpretation, the data f or each prof i le is presented 
diagr ammat ically in F igu~ 2.4 after Hal l.e.t..al < 1977). 
Examination of Figure 2.4 and data presented in Table 2.4 reflec t the effects of t exture, bulk 
densi ty and structural development on soi 1 water characteristics of each prof ile (Salter and 
Wllliams, 1965; Archer and Smith, 1972; Reeve et al., 1973). Textur e and structure clearly 
inf luence the fraction of water r eleased w i th increasing suct ion, wh i l st Pr ofile 4 (permanent 
grassland) exempli f ies the eff ects of structural development, in compar ison t o the cul t ivated 
soils of Profiles 1 t o 3. In general, the charact eristi9._depicted for Profiles 2, 3 and 4 f ollow 
trends associated w i th t he structure and texture of surface water gleys described by Murphy 
( 1984), ai r capacities in P2 and P3 decreasing with depth unti l the weathered slate is 
encountered at the base of the prof ile. Data for Pr ofile I becomes inconsist ent w i th depth, air 
capacity f or the 42- ss cm, where weathered slate was encounter ed, fal ling to 0.024 m3.m-3, 
a value not normally associated with a freely draining, well structured sil ty clay loams. This low 
value is attributed t o problems in sampling the weather ed slate/soil matrix of the Cr horizon. 
Additionally, stabili t y tests <see sect ion 2.4) ind icat e that subsoils of the exper imental si t e are 
unstable, and presaturation trea tm ent s <see Sec t ion 2.4(i)) may possibly have caused a 
rearrangement of soil part ic les. 
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A knowledge of pore size distr1but1ons and how the soil- water- a1r system of a profil e affects 
sol 1 water movement (Mi ller , 1973) is essential in dra inage stud ies (Thomasson et al., 1975). 
Field observations by Traf f ord and Rycroft < 1973) show that flow to drains occurs at the 
interface of the more permeable surface horizons and less permeable subsoi ls. Release curves for 
the 5- 25 cm and 25- 40 cm depths are presented in Figure 2.5 for the 4 prof i les, the 5- 25 cm 
curves followmg broadly similar trends for all 4 prof i les. In the past pore size distr ibut ions have 
been inferred from the release curves for non-shrinking sol ls <Swanson and Peterson, 1972), but 
errors arise from th 1s inference, attr ibutable to planar voids, vughs and pores with blind ends or 
restrictions found in f i eld soils (Bouma, 1977; Ha l l et al., 1977). Emphas is is now placed on 
drainab l e volumes < the volume of water released under the mfluence of grav i ty) and 
morpholog ical descr iptiOns of the pores by th in sect ion (Bouma, 1977). For the purposes of th is 
study, only changes in dramable volume were used t o account for changes 1n soi I structure and 
water regimes. 
At the lower suctions of 0 to o.o 1 MPa suction, the release curves f or the 5- 25 cm depth in 
Figure 2.5 diverge, corresponding with total porosities of 0.705 and 0.695 m3.m-3 for Prof iles 
1 and 4 against 0.6 14 and 0.603 m3.m-3 f or Profiles 2 and 3. The di fferences can be accounted 
for by textural differences (Salter and Wi lliams, 1965) for Profile 1 and the lack of cultivation 
in Profile 4 (Low , 1972), which both af f ect the bulk densi t ies <Archer and Smi th, 1972). For 
suct ions between 0.1 and 0.2 MPa, Profile 1 releases 0. 13 m3.m-3 of water compar ed with 0.03 
to 0.05 m3.m-3 for Prof i l"es 2 to 4. This can be attributed to textural differences, the sil ty clays 
of Prof i les 2, 3 and 4 having f1ner pores (Salter and Williams, 1965). 
Variations in re lease cur ves between profiles for the 25 to 40 cm depth are more marked, the 
influence of texture, organic matter and bulk density having synergistic effects on the resul t ing 
soil structures. Total porosities of the f our profi les reflect t hei r bulk density values. For 
Profi les 1, 2 and 3 these differences in bulk density are in response to cultivatiOn and texture. 
Although Prof il e 2 has a higher total porosity than Prof i le 3 (0.535 m3.m-3 agamst 0.457 
m3.m-3), the two curves are similar m slope. The steepness of the curves indicat e the low 
volumes of water released at low suctions, the shallower gradients at higher suctions ind icat ing 
that more water is stored in smaller pores. Between 0.005 to 0.1 MPa suction, Profil es 2 and 3 
released 0.066 and 0.08 1 m3.m-3 of water respectively, In comparison to 0.264 m3.m-3 
released by Profile I and 0.109 m3.m-3 released by Prof ile 4. When the suction was increased 
from 0. 1 to 0.2 MPa Profiles 2 and 3 released a further 0.1 12 and 0. 118 m3.m-3 of water 
respectively, whi l st only 0.058 m3.m-3 and 0.07 m3.m-3 of water was released by Profiles 1 
and 4 respectively. These f igures show the effects of texture in the case of Prof ile I and l and 
use for Profile 4 on structural development, Prof iles 1 and 4 r eleasing larger quant it ies of 
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structurally he ld water than Prof iles 2 and 3. 
The patterns described for Profiles 1 to 3 md1cate that the so1ls of the expenmental study area 
range from freely dramtng to poorly dr amed due to Impermeable horizons. lt appears that depth 
of soil matenal <see Section 2.4(ii)) is mdicat ive of weather ing (Hollls, pers.comm, 1986) and 
structural development of the proflle. Shallow soils, such as Pr ofi le 1, developing in 0.5 m or 
less of weathered material are more permeable, with freely dralnmg structures. W1th increasmg 
depth to unweathered slate, the subsoi l horizons become less permeable, reflected by the more 
massi ve structures observed 1n Prof iles 2 and 3. The eff ect of these impermeable soils is 
reflected m the weaker structures developed 1n the surface hor izons (Miller, 1973), (see Sect10n 
2.3(1)). As stated in Sect 1on 2.4(ii), so1ls in excess of 0.75 m dom mate the experimental site, 
represented by the less permeable Prof1les 2 and 3 of the Sportsmans Association. 
2.4 Si te Description 
i) Location and Relief 
The study area lies between the 50 m and 60 m contour on the f oots lopes of higher ground that 
rises 100 m a.s.l.to ~he south. The location of the experimental site on the College Farm is shown 
in Figure 2.2, occupying 1,04 ha of a gently sloping (5- 7%), north facing fi eld. From Figure 2.2 
it may be seen that the dominant so1l IS the Pulsford ser ies (Seale- Hayne variant), mapped by 
Clayden ( 197 1 ), now part of the Ha llsworth 1 Association (see sect ion 2. 1 (iii)). Descriptions of 
the Hallsw orth Associat ion (Bradley, 1980; Findlay et al., 1984) note that it commonly occup ies 
gent le f oot slopes and concavities of st eeper ground, often acting as a receiving site for runoff 
from better drained soils on the steeper slopes. 
A plammetr1c survey of the s1te was made to ascerta in its rel ief, which is descr ibed in Figure 
2.3. The site tends t o slope In a north east direction with the average slope m the north - south 
di rection being approximately 6.5%, fa lling away t o the east t o 5% and Increasing to 7.5% on the 
western boundary of the site. Tr ansec t s across the site in north east er ly to south westerly and 
north westerly to south easterly reveal s1mllar slopes, 4.1% and 4.2% respectively. Detailed 
r elie f of each drain catchment 1s presented in Chapt er 3. 
11) So1!Deotb 
Durmg dr am installation m September 1985 1t was noted that depth to bedrock vaned across the 
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s1te. To assess this variabl ll ty and Its effects on the pedology of the s1te, a 25 mm screw auger 
was used to measur e the dep th of soil and weathered mater1a1 developed over the underlymg 
slate. Sampling was complicated by weather ed slate that 1s of ten assoc1ated w1 th the B horizons 
of soi ls developed over palaeozo ic slates (Clayden. 1971; Harrod et al ... 1976; Hogan, 1977; 
Fmd1ay et al .• 1984). The si te was planimetrically surveyed in 1986 on a 5 m by 5 m gnd to 
assess the spat ial distribut ion of soil depth across the si te. A total of 506 depth measurements 
were t aken over a 2.0 ha ar ea. Depths to bedrock ranged from 0.35 m to in excess of 1.0 m. This 
is in gener al agreement with obser vat ions made by Catt < 1979) that unaltered parent mat erial 
occur s withm 1.0 m 0f the surface in the unglaciat ed soils of Southern England. 
The average depth f or the area surveyed was 0.7 1 m (s.e. 0. 14 ml with a coeff ic1ent or 
var1abili t y of 46%. To g1ve order to th1s spat 1ally d1str1buted data, contour s were interpolated 
us ing SURFACE 11 <Sampson, 1978) to pr oduce a deta il ed relief map of depth to bedrock across the 
site. The contour map produced is presented 1n a simpllf ied rorm 1n Figur e 2.3. Three modal soil 
depths are ident i f led, those 0.75 m or deeper. 0.5 t o 0.75 m and less than 0.5 m deep; 
r espectively these soi Is occupy 72.5% (0.754 ha), 10.68% (0. 1 11 ha) and 16.79% (0. 175 ha) of 
the exper1mental study area outl ined In Figure 2.3. A complete analysis or so11 depth and volume 
of head present in each catchment 1s presented m sect 1on 3.3. 
11il In S1 te Variat Jon 
Character isation of heterogeneity of soil physical properties is a prerequisite to any soil 
hydrolog ica l study and spat ial vari ations need to be small, especially where r esponses to 
different drainage treatments are to be stud1ed. Previous sections described the r elief and depth 
of soil w 1thln the site1 lt is the purpose of this section to discuss the effects of bedrock and relief 
on soil physical properties for t he s1 te. To achieve th is, representat ive values of colour , 
mottling, soil texture and stone content were determined by examinmg and sampl ing t he profiles 
exposed during drain mstallat1on. 
Once each dr ain trench was cut measur ements of the Ap honzon were made at 10 m inter vals 
along each trench. In addit 1on any major changes 1n subsurface horizon character isti cs were 
noted, espec1al ly i f stone content changed. For four trenches bulk samples were removed from 3 
posi t10ns. At each pos i tion the Ap & B horizon were sampled, w i t h a th1rd sample taken from the 
base of the trench. Sampling locati ons ar e shown in Figure 2.3. variat 1ons in measurement s and 
obser vat1ons ar e presented 1n Tables 2.6 and 2.7. 
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al Representat ive Descr iption of Soil 
Representative values of texture, matC1x colour. mottl10g and stone content are presented 1n 
Table 2.6. Profiles were described accord1ng to the methods outlined by Hodgson < 1976) in 
conjunction w1th the Munsell colour chart system for soil colour. Stone contents were obtained by 
dry sievlng the bulked samples taken from 12 positions (Bascomb and Bullock, 1 974). 
Variation in A horizon deve lopment and propert ies were 11m1ted across the site, the greatest 
differences occurring within t he soils designated <0.5 m deep< see F1gure 2.3. l.The A hor1zon 
was thinner, 22 cm compared to a modal value of 25 cm. The absence of mottllng, lack of prof1le 
depth and 1ncreasing stone content w1th depth suggest the profiles developed on the shallower 
area are freely dr a10ed sandy clay subso 1ls with little or no mottl10g characteC1sed by profile 1 
described in Section 2.2. The soils grouped 0.5- 0.75 m and >0.75 m showed a greater degree of 
mottling In the Ap and B hor1zon. compared with the shallower soils, coincident with imperfect 
drainage and periodic surface waterlogging (DOted by Harrod et al., I 975; Hogan, I 979; F10dlay 
et al., I 984 for the Pulsford/Hallsworth map unitl. Stone content in the Ap and B horizon was 
less than average, but varied w i th the depth of soil 10 the BC horizon. Partially weathered slate 
surrounded by sandy clay loam was observed on many sites in the base of the trench, passing into 
the B horizon on the shallower soi Is. 
b) Par ticle Size Analysis of Bulk Samples 
In order to assess the eff~ct of parent material on the soil physical properties, the particle size 
distC1butions of the fine earth fraction were determined on bulk samples taken at drain 
installation <see Figure 2.3 for location) Detailed analysis of the samples were carried out 
f ollow 10g the methods described by A very and Bascomb (I 97 4) and Day ( I 965 ), with the organ1c 
matter contents of each sample determined by combustion after Broadbent <I 965). Results were 
expressed in terms of per cent clay, silt, sand in the f10e earth fraction and stone and organ1c 
matter as a percentage of total of oven dry soil weight. 
Statistical analysis of the data highlighted trends in part1cle s1ze distribution between po10ts and 
depths for the site. The resul ts of the analysis are presented in Table 2.7 . As would be expected 
for a cultivated surface horizon, no significant differences were apparent for clay, silt, sand, 
stone or organic matter contents for the 12 sites. However, for silt, sand, stone and organic 
matter fractions, a significant difference was observed between the three sampling depths at a 
significance level of 0.05. Silt and organic matter fractions declining with depth, whilst sand and 
stone contents increasing with depth. For the B horizon organic matter content and stone content 
var1ed s1gn1flcantly from s1te to site at a significance level of 0.0 1. Stone contents shown to be 
s1gnif 1cant ly higher for the shallower soils described in Figure 2.3. This trend In variation 
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cont inued 1n the BC honzon, with sand, stone and organ1c matter fract 1ons varymg s1gn1f1cantly 
between s1 tes a signi f icance level of o.o 1 
When the data presented in Sec t 1ons 2.4 (i), (ii) and (liD are exam ined t ogether it may be 
concluded that soil phys ical propert ies vary w i th dep th to underl ying bedr ock. Cultivation 
pract ices have homogenised the Ap horizon to an extent that only morphological di fferences such 
as mottling are apparent, t extural var 1at1ons be ing Insignificant. Textural changes in t he 
subsurface horizons are di rectly related to the depth of weathered material , so11s less than 0.5 m 
are stonier With a sandy clay loam texture passing into a silty clay I silty clay loam as depth to 
parent material increases. So11s developed in weathered material in excess of 0.75 m w1th sil t y 
clay Band BC honzons bemg dommant. 
2.5 Soil Physical Conditions at Dra10aoe 
t..,.. 
Twelve randomly se lec t ed s1tes were sampled at 0. 1 m mcrement s to a depth of 0.8 m,4.9ssess 
so11 constra ints on drainage treatment. Und isturbed cor es and bulk samples were taken to 
determine average volumetri c water contents, dry bulk density, partic le density, particle size 
distribution and stabil i t y f ollowi ng methods descnbed in Sect1on 2.3 (iii) and 2.4 (la). The 
volumetr ic water content of the s1 t e 1s compared t o volumetric water contents at the time of 
loosening in Section 3.3(i0. All other values are summar ised in Table 2.8. 
I) DryBulkDens1 ty 
Values summar ised i n Table 2.8 1nd1cate an increase 1n bulk dens1ty w1th depth. Typically the 
cultiva t ed zone as bulk densi t ies r angmg from 1.0 to 1.21 t.m-3 whi l st subso i l values range 
from 1.45 to 1.48 t.m-3 . Th1s Increase in bu lk density corresponds to a reduction in organic 
matter in the denser subsoil (Russell, 1977). Trends ref lected in textura l and structural changes 
were noted in previous sections. 
i l) AVerage part icle density 
A trend between the cultivated honzons and subsoil horizons can be observed in Table 2.8 which 
r ef lects the effects of cul t 1vat1on and organic matter build up within the profile. The average for 
the 0 to 0.3 m depth was 2.65 t.m-3 compared t o an average value of 2.67 t.m-3 f or the 
subsoll.This difference may be attributed to organic matter contents in the cul t ivated honzons or 
changes in texture w i th in the prof ile. 
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11i l So1l Part icle Sjze Di stribution 
Several trends can be discerned from the data presented 1n Tab le 2.8 , and 1ts effect on 
subsequent secondary dra10age pract ice. In general the top 0.40 m of the profile IS a s1l ty clay to 
s i l ty clay loam, transcending t o a sandy clay loam below 0.50 m depth. The clay and si l t f ract ions 
account for 70-80% of all particles in the profile, sand conten ts increasing w 1th depth at t he 
expense of the s11t frac t 10n, from less than 20% t o 30% or more. These changes 1n texture can 
ser iously affect and limi t drainage practices as low clay contents, less than 30% on average, and 
sand pockets influence the st ab1l1 t y of the subsoil and limit the success of moling. Spoor et al.,( 
I 982a,bl states t hat f or successfu l mo l1ng operat ions cl ay contents in excess of 30% are 
r equ1red. 
iv) Soil Stabili ty 
Assessment of so11 stab1 l1 ty w1th depth was made us10g the dispersion r at io method of Ml dd leton 
(I 930) and Dermott <I 967) to g1ve an ind icat ion of slak1ng. This techn ique w as used in preference 
to test s devised by Childs ( 1 942), McGregor and Stevens ( I 978), whi ch are speci f ically designed 
t o test the sui tability of a so11, with cl ay contents gr eater than 30%, for mole dra10age. 
A soil sample is gently shaken 1n d1st1ll ed water, the quantity of clay and s11t ( <0.02 mm l 
disper sed in the wat er determined by the p1pette method (Bascomb and Avery, 1974l.The rat 1o of 
fine s i lt and clay (<0.02 mml gently dispersed in disti l led water against the t ota l fme silt and 
clay content gives an ind1catlon of slaking. Interpretati on of the rat ios was made from a t ab l e 
g1ven by W1lk1nson ( 1 978) who compared the technique w1th other s tab 1l1 ty tests. 
The data presented 1n Table 2.8 ind icat es a trend of 10creas ing dispersion rat io w1th depth. 
Using the interpretations given by Wilk 1nson ( 1 978), 1t can be Inferred that stabili ty rap idly 
decreases bel ow 0.3 m, co1nc1d1ng w 1th 10creas10g sand content and decreasmg organ ic matter. 
The stability of so11 aggregates i s a funct i on of the c lay mmera logy and or ganic matter 
<Emer son, I 959), the lack of expansible clay minerals and r eduction in or ganic matter account i ng 
f or the low stab ili t y of the subsoil. 
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TABLE 2. ! .AVERAGE HYDROMETEOROLOGI CAL 
PATTERNS :CLIMAT IC AREA 43 S 
M.A.F .F.( 1 976) Seal e-Hayne College 
Ra infall 
Evapotransp 1rat ion Rainfal l S.T.M L.T.M 
mm mm mm mm 
2 4 100 87 92 
9 11 8 129 11 6 
4 12 1 105 114 
4 114 118 112 
13 79 83 87 
34 79 73 77 
55 60 51 57 
8 1 72 60 69 
90 57 71 54 
9 1 73 72 59 
75. 87 82 60 
47 88 63 73 
Tota l 527 1048 994 97 4 
S.T.M.=Short t er m mean Sea1e- Hayne Col lege- 1 94 1- 1970 
L.T.M.=Long t erm mean Seale-Hayne College- 1924-1 984 
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Tab l e 2 .2 . SO IL SERIES OF SEALE-HAYNE COLLEGE FARM 
Pulsfor d 
Highweek 
Trusham 
Trusham I 
Highweek 
Complex 
Clayden ( 197 1) 
Defini t iOn 
Surface water gley 
over Devoniao slates 
Typical Brown Earth 
over Devon1ao slate 
Well dra ined brown earth 
on basic 1goeous rock 
Patches of Trusham 
associated with closely 
spaced outcrops of 
igneous r ock 
Clayden & Holl i s ( 1984) * 
Modern Eouiyalent 
Ha l lsworth 
Associat ion 
Deobigh 1 & 2 
Associat1oo 
Trusham 
Associa t ion 
Trusham /Deob1gh 
Complex 
Modern Definiti on 
Clayey drift with 
Siliceous stones 
Fine loamy mater ial 
over llthoskeletal 
mudstooe and sand-
stone or s 1 ate 
Floe loamy mater ial 
over lithoskeletal 
basic crystalline rock 
* In the past soil ser ies were di fferent iat ed by the strat igraphlc age of their parent material. 
This pr oduced many soil senes because of the large number of geological format1ons 1n England 
and Wales. Soil ser ies are now def ined using Intr insic properties of parent material, t extur e 
and presence or absence of dist inct ive materials (C layden & Holl is, 1984). 
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TABLE 2 .3 . PARTICLE SIZE DISTRIBUTION FOR SAMPLES TAKEN 
FROM SOIL PITS 1-4 (For location see figure 2.2 and 2.3) 
% P.lrtlcle s1ze distr ibiJ t lOn f ine e.1rth %Total soil 
P1t Sample Clay 51 l t Sand Stone Organic 
deoth(c:ml <0.002mm 0.002-0.06mm 0.06-2.0mm >2.0mm matter 
0-2 1 27.2 52.7 19.8 10.5 4.7 
I 2 1-42 27.7 59.5 17.7 12.4 1.7 
42-55 36.3 34. 1 29.6 17.5 0.0 
0 - 23 18.6 6 1.7 18.6 7.9 8.1 
2 23-45 26.0 59.8 13.6 9.2 2.6 
45-61 29.2 54.7 16.1 13.9 0.0 
61-73 38.9 33.0 28.2 22.7 0.0 
0-28 30. 1 53.2 16.6 9.6 9.8 
3 28-51 32.3 51 .5 15.8 3.8 4.4 
51-68 32.9 44.3 23.0 13. 1 2.2 
68-82 35.8 41.8 22.4 29.6 0.0 
0- 10 25.3 57. 8 19.4 5. 1 6. 1 
4 10-28 27.9 45.3 27.2 10.9 10.5 
28-35 10. 1 53.3 41 .4 2 1.8 3.3 
35-65 29.8 38. 1 32.3 15.8 2.5 
65/80+ 15. 1 38. 1 4 1.8 24.5 0.0 
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TABLE 2.4. VARIATION IN DRY BULK DENSITY AND PARTICLE 
DENSITY WITH DEPTH FOR SOIL PITS I - 4 
(For location see Figures 2.2 and 2.3 ) 
Pit Depth Bulk Density Partic l e Density 
cm tm-3 tm-3 
1 0- 21 0 .80 2.7 1 
2 1 - 42 1.08 2.70 
42- ss 1.14 2. S8 
2 0- 23 1.04 2.69 
23- 4S 1.18 2.S4 
4S- 61 1.16 2.66 
61 - 73 1.30 2.63 
3 0- 28 1.06 2.67 
28- s 1 1.46 2.69 
s 1 - 6.8 1.61 2.67 
68- 82 1.38 2.S3 
4 0 - 10 0.81 2.67 
10- 28 1. 18 2.70 
28- 3S 1.06 2 .73 
3S- 6S 1.31 2.7 1 
6S/80 + 1.3S 2.72 
P1t 
1 
2 
3 
4 
I 
-SI-
TABLE 2 .5. WATER CONTENTS AT DIFFERENT SUCTIONS FOR SOIL 
PITS 1-4 (for l ocation see figures 2.2 and 2.3) 
A1r 
Sample Total f llled 
depth porosity poros1 t y Volumetric Water Content, m3.m-3 
volume volume 
cm fraction fract1on O.OOSMPa 0.01 MPa O.OSMPa O. l MPa 0.2MPa I.SMPa 
0-21 0 .70S 0.08 1 0.623 0.492 0 .440 0.379 0.241 0.189 
2 1-42 0.600 0. 11 1 0.489 0.394 0.33S 0.22S 0.167 0 . 1 I 9 
42- SS O.S69 0.024 O.S46 O.S l 9 0.388 0.344 0. 184 0 .094 
0- 23 0.614 0. 109 O.S04 0.478 0. 43 2 0.416 0 .376 0 .06S 
23-4S O.S3S 0.070 0.46S 0.4SS 0.41S 0.399 0 .287 0 .086 
4S- 6 1 0.564 0. 1 os 0.463 0.449 0.394 0.372 0.313 0.08S 
6 1-73 O.SOS 0. 12 4 0.38 1 0.3S2 0.242 0.2 18 0.186 0.033 
0-28 0.603 0. 108 0.495 0.48S 0.438 0.409 0 .3S3 0 . 169 
28-SI 0.457 0.054 0.403 0.389 0.347 0.322 0 .204 0 . 118 
Sl - 68 0.466 0.020 0.445 0.42 7 0.396 . 0.36 1 0 . 134 0.081 
68- 82 0.4SS O. I S8 0.296 0.271 0. 181 0. 1S6 0 . 149 0 .081 
0- 10 0 .69S 0. 179 0.5 15 0.484 0 .4 17 0.389 0 .35S 0 .202 
10-28 0.563 0. 177 0.386 0.336 0.297 0 .277 0.202 0 . 135 
28-35 0.6 11 0.29 0.321 0 .299 0 .27 1 0 .26 1 0 .238 0 . 174 
3S-65 0.517 0.07 0.446 0.394 0 .35S 0 .329 0 .2 18 0 . 123 
65/80+ p .504 0.063 0 .44 0.385 0.345 0.3 18 0 .20 2 0 . 11 2 
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TABLE 2 .6 AVERAGE DESCRIPTION OF SOIL 
Modal Range 
Texture Silty clay loam Silty loam > clay l oam 
Matri x colour Dark brown 1 Oyr 3/3 1 Oyr 3/2 > 3/4 
Mot tl e co lour 1 Oyr 6/8 1 Oyr 5/8 - 6/8 
Ap Mottle abundance% 0.5 0 > 1 
Stone content ro 7.25% 2. 167 > 1 1 .5% 
Dep th <cm) 25 22- 28 
Texture Silty clay loam Sandy clay loam > 
clay l oam 
Matrix co l our 1 Oyr 5/2 1 Oyr 4/2 > 6/8 
Mottl e colour 1 Oyr 6/8 10yr 5/8 > 7/8 
B Mottle abundance 25% 0 > 50% 
Stone cont ent ro 14.3% 2.4 > 29.66 
Texture Si lty c lay Sandy clay> clay 
Matri x colour 1 Oyr 6/8 10yr5/8>7/8 
Mottl e colour 1 Oyr 7/1 1 Oyr 4/8 > 7/ 1 
BC Mottle abundance% 40- 50 0- 70 
Stone content ro 21 - 25 3.16 > 45.8 
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TABLE 2.7 . MEAN PARTICLE SIZE DISTRIBUTION-1 2 S ITES 
(see figure 2.3 for location) 
Fine r:arth Fraction 
Depth %clay %silt %sand %stones %organi c matter 
cm j<0.002mm 0.002-0.06mm 0.06-2.0mm >2.0mm 
0-25 22.4 52.9a 24.5a 7. 1 a 8.6a 
18.0-30.0 44-55.0 14.5-28.v 2- 11.5 6.8- 1 0.8 
25-50 24.2 47. 1a 28 .6 12.5ab 4.9ab 
19.5-29.0 ' 36.0-65.0 16.5-34.5 2-30 0.0-10.0 
50-75 24.4 36.2a 31 .2ab 17.5ab 0.9ab 
18.1-30.3 19.0-60.6 11.0-66.3 3.2-45.8 0.0-3 .66 
a-significant difference with depth at the 0.05 significance level 
b-significant difference between sampling sites at the 0.0 1 significance level 
Depth Dry Average 
Bulk Particle Clay 
Denslt Density 
-3 -3 
m t.m t.m <0.002mm 
0. 1 I 11 <0.03) 2.64(0.02) 26 75(5 32) 
0.2 1. 10(0.05) 2 65(0.0 1) 25.29(2 69) 
0.3 1.21 (0 01) 2 66(0.02) 21.29(5 80) 
0.4 1 45(0 04) 2.68(0.03) 27.50( 1.92) 
0.5 1.46(0.06) 2.67(0.0 I) 32. 1 0( 1 75) 
0.6 1.48<0.02) 2.68(0.01) 23.25(3.73) 
0.7 1.47(0.0 1) 2 .67(0.02) 29.79(4.20) 
0.8 1.46(0.02) 2 .66(0.03) 26.62(5.66) 
Each value ls the average of 12 samples 
< >-standard error 
%Particle S1 ze Distribution 
Fme Silt Coarse s1 1 t Sand Organic D1spers10n (Wilkinson, 1978) 
Matter 
0.002-0.0 2mm 0.02-0.06mm >0.06mm % 
%<0 02mm dispersed X lOO 
%<0 02mm in so11 
39.99(3.50) · 12.92( 1.83) 14. 19(3.25) 6.20( 1.80) 6 .83( 1.04) s 
41 90( 1.21) 11 9 1(2 42) 13 46(4.13) 7 44(2.21) 8 91 ( 1.84) s 
46 3 1(5 80) 1 1 1 2(2 23) 14.89( 1 11) 6.45(3 54) 13 42(3. 18) fS 
41 66(2.30) 12. 16(0.9 2) 16.82( I I 0) I 86( 1 31) 23 04(4 37) us 
35.46(4 40) 1 1.62(2.80) 20.95(5 45) - 31 .83( 1.88) us 
31 .85(4.60) 12.45(2. 11) 32.75(8.60) - 42. 1 9(6.55) uS 
27. 70(3. 70) 9. 14(3 42) 32.47(6. 70) - 43 99(3.03) uS 
22.31 (5 98) 7.65(4. 16) 43.42(9.66) - 56.97(4.66) uS 
TABLE 2.8 VARIATION IN DRY BULK DENSITY, PARTICLE DENSITY, PARTICLE SIZE DISTRIBUTION AND 
STABI LIT Y AT DRAIN INSTALLATION 
I 
U1 
~ 
I 
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CHAPTER 3 
DRAI NAGE TREATMENT AND LAND USE HISTORY 
3.1 Installation of Drainage Experiment 
U Drainage Des1gn 
Soils of the Sportsman I Hallsworth Associations are designated land capability classes 4sc 
(Hogao, 1977) and 4s'v (Harrod, 1976) in Devon, indicating soil, cl;mate and wetness 1 imitations 
which restrict cropping and land use even with drainage (Findlay et al., 1984). Curr ent drainage 
recommendations for the South Devon area are based upon experiences repor ted for the Tedburo 
Ser ies soils and are trad i tiona l in approach <Armstroog and Smith, 1977; Harrod, 1981 ). 
M.A.F.F. records of dra inage treatment within Devon and hence accepted practices are 1 imited to 
the Exeter Division (Armstrong and Smith, 1977; Armstrong, 1981) where over 60% of all 
drainage work carried out between 1971 - 80 was recorded as random deep drains. This is a 
tradi tional approach used to intercept deep seepage that erupts through the weathered parent 
material <Rycroft, 1971 a; Harrod , 198 1 ), but fails to control the problem of sur f ace water 
(Young and Rycroft , 1977). Seepage is generally associated with soils that have developed over 
palaeozo ic slates and shales (Fiodlay et al., 1984), locally termed shillet. For the same 1971 - 80 
period less than 20% of schemes were des igned to control water tables, with an average drain 
spacing of 26 m <Armstr ong and Smith, 1977). The current local pr actice to contro l sur f ace 
water in the Newton Abbot area is a r egular system of laterals at a 20 m spacing, 0.7S m deep 
with permeable f ill to within the cultlvated layer, act ing as a connector between the drain in the 
s low ly permeable subsoil and perm eable surface horizon <Trafford, 1972; Castle 1986). How 
w idespread this design is in Devon is unclear , as records of drainage work are only reported to 
1980 <Armstrong, 198 1 ). A complete review of the development of traditional and scientific 
drainage designs was made in Chapter 1, with spec1al reference to experiences gained at the 
F.D.E.U. sites in England and Wales. 
i i) Drajn I ostallatjoos 
a) Latera ls 
In September 198S a continuous trencher was used to install a regular system of six 80 mm 
diameter plastic drains at an experimental s1te located on Seale-Hayne College Farm, Devon <see 
Figures 2. 1 and 2.2). Drain trenches were cu t to a depth of 0.7S m <see Figure 3. 1 a), with a 20 
m spacing between trenches. To enhance efficient drainage the trenches were cut at an angle 
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ob liQUe to the contour prior to the insta llation of the plast ic pipes. Bouwer < 1955,a,b) showed 
that for the most effiC ient operat ion pipe drains should be be laid at sl ightly obl ique angles to the 
contour, typically between 100 and 300. 
Each lateral was connected to a 3 m length of r igid pipe which formed the outfall 1nto an open 
ditch that ran along the northern boundary of the experimental site (see Figure 3.2). Then each 
trench was backfilled w i th gravel to w i thin 300 mm of the surface using a tractor mounted 
stoner prior to backfilling the t r enches with soil. This operation is shown in Figure 3. 1b. Washed 
gravel was used as the permeable backfi 11, which varied between 10 and 25 mm in diameter. 
According to Trafford and Rycroft ( 1 974) this should give a theoret ical hydraulic conductivlty 
of 32 x 1 o3 m.day- 1. 
b) Catch Drain 
As the objective of the research was to observe the behaviour of a regular spaced system of 
drains it was cons idered necessary to isolate the experimental area but not individua l drains. 
Isola t ion techniques reported in the literature rely upon trenches excavated ar ound the 
experimental plot and lined with an impermeable barrier to prevent water movement into or out 
of the plot. The success of this techn ique is often l imi ted, especially as i t as been reported that 
the permeable nature of the trenches associated with t he barriers can act as sinks or dra ins 
themselves (Cannel et al., I 984; Harris et al., 1984; Jarvis and Leeds-Harrison, 1 987a). This i s a 
problem that can make the prediction of drain catchment areas difficult when the isolati on 
technique used affect f low regimes that develop. Isolation of the experimental site was achieved 
by laying a 100 mm plastic pipe at 1.0 m depth, the trench of which is backfilled with gravel to 
within 100 mm surface around the site (see Figure 3.2), intercepting interflow from upslope of 
the site. It must be noted that such measures do not inhibit deeper water movement through the 
underlying rock. 
c) Outfall Ditch 
Pr ior to drain instal lation the ditch that forms the northern boundary of the experimental site 
was overgrown and silted up. To allow adequate outfalls for each lateral drain the ditch was 
regraded using a backactor. A freeboard of 0.25 m below each outfall was requ i r ed to allow 
drainfl ow meters to be installed. During these regrading operations f ive clayware outfalls were 
uncovered. These were subsequently obser ved to run persistently throughout the winter period. 
i i i ) Soil Water Content During Dra10 Instal lation 
In addi tion to the soil phys ical conditions that were described in Table 2.8, soil water contents at 
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drai n installation were measured and are reported in Table 3.1. The data in this table shows a 
total water content for a 0.8 m dept h of 0.383 m3.m-3 <s.e. o.o 14). 1 f th is value is compared 
with the winter mean wat er content (W.M.W.Cl of 0.40 1 m3.m-3 (s.e. 0.004) f or a drained s1 t e 
(see section 7.4) the actual soil water defici t at drain installat ion was only I S mm. This small 
def ici t would affect the success of secondary dra inage treatments i f carr ied out at the same t ime 
as installation <Tr afford, I 975; Swain, I 975; Rycroft, 1 972; Spoor and Godwin, I 978). The wet 
conditions can only be attributed to the high ra infall in August 1985 ( 185.5% of the long term 
mean) prior to installation. Nevertheless, condi t ions were good with little smear ing observed in 
the walls of the drain trenches and no sur face rutt ing due to the passage of dra inage machinery. 
3.2 Drain Catchment Characteristics 
Using detailed sur veys of relief and soil depth discussed in Sect ion 2.4 compar isons between 
dra in cat chment charact er istics were made with respect to drain position, relief and soil depth. 
This is shown in Figur e 3.3. w i th the lengths, slopes and drainage areas of each of the six drains 
presented in Table 3.2. The mean slope for individual drains, which was determined by averag ing 
the slope normal t o the contours at 10 m intervals along each drain, var ied between 6.07% and 
8.57%. The trend of Incr easing s lope across the site from A t o F is not progress ive, w ith the 
slope on cat chment A the gentlest fo llowed by 0, C, B, E, with F being the steepest (see Table 
3.2). Drainage area was del imited arb i tar ily by boundaries drawn equidistant between adjacent 
dr ains, givi ng a drainage area of 1500 m2 for al l drains but A, which was 13 12.5 m2 The 
reduction in area for drain A was due to the cat ch dra in which was pl aced 15 m from it. This 
reduction in spacing was due to irregular field shape and could not be avoided. 
Var iat ions in average soil depth, volume and percent age distributi on of soil type for individual 
catchments is displayed in Table 3.3. The average depth of the soil var ies from 0.77 m to 0.65 
m, with a trend of decr easing average depth across the site from A to F. These changes are 
reflected in the percentage distribut ions of soil depths identified in Section 2.4, the coeff icient of 
var iati on ranging from 8% for catchment A that has 81% of its soils great er than 0.75 m deep, 
to a coeff icient of variation of 40% f or F which has less than 70% of soils greater than 0.75 m 
deep. Although mean depths vary between catchments an analysis of vari ance <Ryan et a/, I 982) 
showed no signi f icant difference. 
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3.3 Catchment Response to Qrainage 
I) Initial Observations 
Ideally the responses from the six lateral drains should be similar, with only antecedent 
conditions affectmg the total drainflow, 1f the ef fects of different drainage treatments are to be 
successfully stud ied (e.g. Nicholson, 1 934; Chl lds, 1 943; Monke et al., 1 967; May and Trafford, 
I 977). Following the Installation of the drainage scheme, the winter period of 1985 I I 986 was 
used to allow the system to settle down after Installation operations and gave an opportunity to 
observe the hydro logical responses of all drains. These initial observations, pr1or to the 
applicatiOn of partia l secondary drainage treatments, were restrict ed to notmg when drainflow 
occurred and the manua l measurement of spot discharges for individual dra ins. A more detailed 
study was conducted between February 1986 and May 1986 when drainflow meter s <see Sect ion 
4.3 for details of meters) were installed on Drains A to D. 
li) Point discharges 
Although data obtained during this phase of the study was limited and did not give rise to the 
detail that can be achieved by the continuous measurement of drai_nf low <see Section 4.3), it did 
1nd1cate that Dra in c (see Figure 3.2 for location> behaved differently to the other drains. On ten 
separate occasions pomt·dlscharges from c were greater than those recorded at t he other f1ve 
drains. In addlt ion, it was noted that during rainfree periods when flows from the other drams 
became ms1gn1f 1cant (less than 0.005 l.s- 1 >.Drain c continued to flow. The results of a one way 
Analysis of VaCJance (Ryan et al., 1 982) suggest that the mean point discharge from drain C f or 
ten occas10ns was significantly gr eater ( sig. level <0.0 I > than the mean flows from the other 
f ive drains. Further tests showed that the other drains were not significantly different from each 
other, the ir overall mean flow was 0. 179 l.s- 1 (s.e. 0.0 13) compared to 0.456 l.s- 1 <s.e. 0.06 1) 
for Drain c. 
ii i) Analysis of Qrainage Response 
Followmg the installatiOn of drainflow meters i t was poss ible to study the drainage response of 
ca t chments A to D (see Figure 4.2) for individual rainstorms. The shape of the resulting 
hydrographs will vary w 1th the hydrological and physical characteristics of each drain 
catchment. This section and section 3.7 concentrates on the anomalous behaviour of Dra1n c In 
compar1son to the other drains and the reasons for i ts om1ss1on from the experimental design. A 
complet e account of dra1nflow hydrograph analysis is given in Sect ion 4.5 and follows the method 
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of Ho I tan and Overt on < 1 963 l. 
a) Hydrograpb form 
In Figure 3.4 s ingle peak bydrographs f or Drains A to Dare compared. Two storms of simil ar 
magmtude were selected from the four storms r ecorded between February 1986 and May 1986 
in order to i llustrate the effects of antecedent conditions on dralnflow and the unusual behav iour 
of Drain C In comparison to the other drains. For both storms the rainf all distribution i s shown 
and all hydrograpb timings are relative to the centroid of each ra instorm. Because there were no 
measurements of soil water content at this t ime ant ecedent CCI')d i tions · ·e assess~d from the 
previous seven days ra infa ll. The storm on the 14th May 1986 occurred towards the end of the 
winter per1od when evapotranspirat10n bad begun to mcrease and soil water defic i ts were 
developing. In the week prior to this event only 12 mm of ra1n bad fallen. In contrast, the second 
storm wh ich is shown In the lower portion of Figure 3.4 occurr ed three days after the f irst event 
when i t Is assumed that the soilwater store bad been recharged. For a more detailed discussion of 
dra inflow response from unloosened plots the reader is r eferred to Chapter 8, this sect10n 
concentrating on the difference in bydrograpb shape for Dra in C compared to Drains A,B and D. 
Despite the paucity of data and the consequent difficulty in estab lishing any statisti cally 
significant difference 1n dram response, it would appear that Drams A, Band D respond the same. 
For all storms Dram C attains a peak discharge typical ly two or three t1mes the peak discharges 
observed for ~~.e otbe;- drams, and mamtains these higher flow rates for a longer period of t ime. 
Tb1s is clearly shown i l'l Figur e 3.4, and in Table 3.4, where actual peak discharge values are 
given for the four storms monitored in April and May 1986. 
b) Total storm dralnflow 
The anomalous behaviour of Drain c is further emphasised when total drainf lows and efficlencles 
of individual dra ins are investigated. A more de ta i led account is g1ven 1n Sect iOn 9.5 when 
compar~sons are made between the drainflows from loosened and unloosened plots. lt is sufficient 
to say at th is juncture that total dralnf low was determined by integrat ing under the hydrograph 
for each drain system from the t ime of start to 48 hours after the time of start, unless the 
recession ceased before this time, which was the case f or Drains A, Band Don the 14th May 
1986. This 48 hour period was chosen, as it 1s assumed that during th is period all water held by 
grav1ty w111 have drained from the prof i le (Tbomasson and Trafford, 1 975). Eff lc i encl es were 
then calculated by a method outlined by May and Trafford < 1 977) <see equation 9.2) and are 
shown m Table 3.4 for the four storms recorded. 
In using May and Trafford's < 1 977) tecbmque i t is assumed that no loss of ramfall occurs by deep 
inf1 l trat1on, with any reduct ion In drainage eff iciency 1mplymg a loss of water from the drain 
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catchment area, whilst a totally eff1c1ent drainage system w1ll dispose of 100% of the mcident 
rainfall during the w inter . Although Drains A, Band D did not achieve this 100% eff iciency for 
the four storms observed (see Table 3.4) their per formance 1s remarkab ly s1mi lar. The range of 
effic 1enc ies reflect the antecedent conditions prior to each storm event, and has been observed 
f or a variety of dramage systems under different climatic conditiOns and soil types (e.g. Childs, 
1943; Nicholson, 1935; Re id and Parkinson, 1984a). In contrast, Drain c consistently proved 
more effic ient, dischargmg between 5 and 10 t imes the tota l dratnflows observed for the other 
drains <see Table 3.4). 
From this study it was assumed that foreign water was moving Into the catchment of Drain c via 
a zone of weakness wtthm the slate parent material. This movement of water resulted in a higher 
peak drainflow <see Table 3.4) and a sustained flow throughout the w inter period , which 
Inf luenced the choice of catchments that were loosened. During the w inter of 1986-87 these 
flows continued, and on nine occasions hydrograph records were lost when the capactty of the 
V-notch weir box was exceeded. In conclusion 1t was decided to omit Drain c from the 
experimental design analysis due to i ts unusual behaviour in comparison to the other drains which 
appeared to behave the same. 
3.4 Evidence of past Drainage 
Evidence of prev ious drainage work was disclosed when the new drainage scheme was instal led. 
Prior to th is date no records of prev10us drainage work were available for the experimental 
site, apart from a single unglazed pipe (8.0 cm internal diameter > that ran across the proposed 
s1te from a road culvert, to outfall 1n a di tch m the adjacent field. The locatiOn of 13 stone drains 
and 5 clayware outfalls are diSplayed m Figure 3 . .1) re lative to the new drains. The orientation and 
pattern of the stone drains cannot be readily discerned, 4 occurring below 0.5 m and the rest 
within 0.25 m of the surface. On visual examination of each of the exposed drains they appeared 
si lted up. In the case of those occurrmg below 0.5 m depth, a bentonite plug was used to seal them 
on the i r down slope side to ensure they did not affect the operation of the new drains. The 
proximity to the surface suggests these drains were intended to remove excess water from the 
seedbed/cui t ivat ion layer. 
The clayware outfalls wh1ch were revealed on regrad ing the dra inage ditch were ini t ially sealed 
w1th bentoni te after water was observed to fl ow from them in the winter. on sealing, a wet spot 
w1th st anding water developed 15 m upslope of the two clayware pipes outfalling between drains 
D and E. Fol lowing the 1986 harvest an exp loratory trench was excavated across the wet spot 
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<see F1gure 3.5), to unweathered slat e at a depth of 1.25 m. Even though no dram flow had 
occurr ed for 2 weeks the trench rapi dly filled wi th wat er to a depth of 0.5 m, issuing from two 
claywar e drains resting on the slate. On r emoval of bentonite plugs the two clayware outfalls 
f lowed for 24 hours before drying up Considering the deve lopment of t his wet spo t, and the f act 
that during mstallat i on no claywar e pipes were exposed, it was postulated that the old clayware 
pipes were laid at a depth in excess of 0.75 m, the depth of the new scheme. In the 11ght of this 
evidence and the dra inf lows obser ved 1t was concluded, with the exception of Dra in C, that these 
old dra1ns would not inter fere with the ro le of the new syst em aimed at controll ing surf ace 
water, and were unblocked. Similar conclusions were drawn by Rycroft ( 197 1) on the neg l1gible 
contribut ion deep dra inage has upon surface water. 
3.5 Secondary Drainage Treatment 
The use of a f ield based dramage system in pref erence to plot based schemes was considered to 
make the most eff icient use of the study area even though i t limited the exper imental design for 
secondary dra inage treatments. Randomi sation of treatments between dra ins was not feasible 
w i thout unwarranted traff icking on the catchments of adjacent dra ins and the loss of dra in C due 
to gr oundwater seepage.~ ~o i t was decided that loosening should be carr ied out acr oss 
ne1ghbourmg catchments. Soil loosening of half the exper imental area was carri ed out after 
harvest and pr ior to ploug.hmg and sow ing of winter wheat in September 1986. The loosened area 
is illustrated m F1gure 3.6 and compr ises the catchments of Drains D, E and F. 
1) Loosening ooerat 1oos 
All loosening operat ions wer e car ried out usmg a McCoonell Shakaer ator w1th closely spaced 
t ines (0.50 m) set to work at 0.40 m depth. An off-centred weight is mounted on the frame, 
which,when dr iven by the power take-off causes the implement t o oscillate. This v1bratioo is 
supposed t o a1d tract i on, r educe draft and increase the amount of soi l disturbance. A similar 
machine to the one used is shown in Fi gure 3.7. However, the success of subsoil loosening is 
influenced by the soil water content (Spoor, I 975; Swa in, 1 975 ), whi ch affect s the cr i t ical 
working depth of the tine. Two undesirable effects which occur when th is depth is exceeded ar e 
reduced di srup tion and channel f ormat ion (Spoor and Godwio, 1977; Spoor and Godw io, 1978). 
Such subsoi l channel f ormat ion by a McConnell Shakaerator working at 0.35 m depth has been 
observed (Scull ion and Mohammed, 1 986). 
To r educe the nsk of channel formation tr i al passes were made on t he lOth September 1986 at 
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0.40 m depth. Channel formation was observed fo llow ing excavations across the loosened area, 
so the work ing depth was reduced to 0.30 m for a prelimmary pass up and down the slope at an 
angle of 45° to the drams. A second pass was then made at 0.40 m depth at a 90° angle to the 
drains. The f irst pass increased the critical working depth of the tines (Godwin et al., 1984), 
leadmg to a uni f orm loosening to 0.40 m on the second pass w1th no observable channel format ion 
when further pits were excavated for visual observations. 
ill Soil Conditions on the 10th Seotember 1986. 
Cores were taken from the site prior to and after loosening operations in order to determine 
volumetric water contents and dry bulk densities. This enabled comparisons w i th water contents 
at drain installat ion. The average volumetric water contents <from 1 o random sltesl are shown in 
Table 3. 1. The soil water def icit was 49 mm for a 0.80 m profile, which is close to the minimum 
deficit of 50 mm commonly r ecommended for successful moling but be low the 100 mm defic i t 
r ecommended i f subsoi 1 ing is to be successful (Rycroft , 1972; Trafford, 1975; Swain, 1975; 
Spoor and Fry , 1983). 
Average values of dry bu lk densi ty for a 0.50 m profi le sampled at 0.05 m increments before and 
after loosening are presented in Table 3.5. Although no compact layers were discernible in the 
pre-loosened measurements a trend of increasing bulk density with depth was noted, which was 
absent after loosening. Parametric two way analysis of variance tests (Ryan et al., 1982) were 
used to determine the effects of deep loosening on dry bulk densi ty. Loosening treatment 
signi f icantly reduced the bulk density in the 0.0 - 0.40 m zone at the o.oo 1 signif icance level. 
Depth of sample had no signi ficant influence on bulk densi ty. Typical reductions in dry bulk density 
were 1.23 t.m-3 at 0.20 to 0.25 m depth to 0.95 t.m-3 after loosening with no significant 
effects observable below the depth of loosening. Therefore i t was concluded that the loosening 
operations had been successful, even though soil conditions were not ideal. 
3.6 Land Use 
In South West England, and particularly South Devon, the potential use of land for crop product ion 
1s restr icted by the synerg1st 1c eff ec ts of high mean annual rainfalls and inherent soil physical 
properties (C layden, 197 1 l . Ra1n fal l mg between October and the end of March accounts for 60% 
of the annual ra infall total (mean rainfall patterns for South Devon, M.A.F.F. climatic area 43S, 
rave been described m sectiOn 2. 1 l. In addition many soi ls in the area have limited natural 
-63-
drainage, experiencmg seasonal water logging dunng per1ods of crop estab lishment (Findlay et 
al., 1984), leadmg to reduced so1l workabili ty during a wet autumn or spnng (Thomasson, 1982). 
Stat istics on land use, areas of cr ops grown and y ie lds, are collated annually for the area by the 
Department of EconomiCs, Un1ver s1 ty of Exeter. More generalised patterns of land use m r elat1 on 
t o soil types and c11mate are r eported by Clayden ( 197 1) for the Exeter distr ict and by Findlay et 
al. < 1984) for the who le of the South West. Appr oximately 30% of all agr icul tura l land 1n Devon 
ts cul t ivated; 16% temporary grass leys, l3% cerea ls (predominantl y barley ) and 1% ot her 
crops. Cult ivat ions f or cereals restr icted to the gent ler sloping s1 tes w i th deep soils that are free 
dra ining or suscept ible t o only period ic waterlogg ing which can be contro lled by arti f icial 
dra inage (Find lay et al., I 984). 
i ) Cropp jng Patterns Seale-Hayne Col lege Farm 
The dominant land use m the Newt on Abbot area on the Oevonian slates <see f igur e 2.1 for map of 
the Newton Abbot area) i s dairy farming with other l ivestock enterpr i ses and cereals 
(Clayden, I 971 ; Exet er University, I 986). Cereal crops account for 20% of agri cultura l land in a 
cer eal grass r otat ion. Fluctuat ions in production from year t o year reflect the margmal nature of 
arab le enterpr ises m th is area due to the difficul t ies in t imely establi shment and har vesting of 
crops. Pract ices at Seale-Hayne College Farm are common for the Newton Abbot area, 
predommantly dairying w1th other l ivestock enterpr ises and cereals,w i th the cer eal enterprises 
r estr icted t o the deeper soils that have developed on the shallower slopes of the farm. Many of 
the soils on the College Farm are shallow, steep sloping and susceptible to drought tn dry years. 
The cer eal enterprises extend over approximately 20% of the College Farm, following a planned 
rotat 1on summar ised in Table 3.6a. Cultivations for crop estab l ishment restr icted by autumn 
ra i nfall. The dat e of r eturn to f ie ld capacity or w i nter mean water content normally occurring 
between Sept ember and November (M.A.F.F., 1 976), which set s narrow limits on soil workab ility 
and traffickabll i ty. If the cr ops are not established before this dat e damage to the soil may occur 
which can lead to reduct ion m yield. 
iD Management of Experimental Si t e 
The cr opp ing history for the experimental si te is rev iewed in Table 3.6b, both pr ior to and during 
the experimental period. If t he planned rotat ion had been adhered t o at the experimental si t e, i t 
should have gone down to a t emporary grass ley f ollowing the 1986 harvest. This would have 
entailed a change m land use and management. Many cases in the literature r epor t the effects of 
changes m l and use on the physical and hydrological r esponse of a soil (Hall et al., 1977; Goss et 
al., 1 978; Re1d and Parkinson, I 984al. To r educe this effect winter wheat was cropped throughout 
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the experimenta l period, mainta ining a un iformi t y in cul t ivat ion pract ices from year t o year. 
Cul ti va t ion practices for the penod 1983-87 are reported in Table 3;17. Field operati ons were 
carr ied out un iformly across the site unt il the I 986- 87 grow ing season when loosening was 
carried out on half of the experimental si te fo llowed by ploughing and seedbed establishment using 
a ground driven crumbler (Bom f ord Dyna-Drive l . The number of cultivation passes across the 
experimental site were kept to a min1mum to reduce recompaction on the loosened half of the site. 
Excluding loosening operat ions, f our cultivat ion passes (including dril l ing) were made . Following 
crop estab li shment, the site was managed in the same manner as the parent f ield (Table 3.7). 
3. 7 E((ects of Ground Water Seepage 
In an effort to ascertain further details about the eff ects of ground water seepage on the 
hydrological r esponse of Dra in c, a tracer study was initiated during the latter part of the 
1986/87 winter. Addi t ional studies were carr ied out on Drains Band 0 at the same t 1me to allow 
compansons to be made, and t o investigate the effects of soil loosening on the response of Drain 
D, which will be discussed in detail in Sect ion 9.5. In effect the study was to be a simp l i f ied 
vers ion of the laboratory col umn breakthrough curve t echn ique <e.g. Trudgill, 1987). Instead of 
using a soil column, a known quant i ty of tracer was applied tn the f ield dur ing a storm event and 
its concentration momtored in the resul t ing drainflow. 
The use of tracer s in soi l water studies is well documented, although many are limited in value by 
adsorpt ion (e.g. Auberttn, 197 1; Smetham and Trudgill , 1983; Trudgill et al. , 1983a,b). For a 
tracer to be successfu l Bowman ( 1 984) ident i f ied the follow ing prerequisites:-
al no significant adsorpt ion should occur that will retard movement, 
bl i t should be exotic to the soli environment or present in low concentrations 
cl conservative i.e. not degr aded chemically or biologically and 
d) eastlyquantified. 
With these considerations in mind, Bromide <Brl was chosen, wh ich is r ecommended by Davis et 
al., ( 1 986). The presence and concentration of Br was determ ined by a standar d co lorimetric 
technique used m water quality studies, capable of detecting levels as low as 0. 1 ppm (Taras et 
al., 1976). Preliminary tests on both soil samples and drainage water proved that Br did not 
occur naturally in the study area, even though the experimental site was close to the sea (see 
Figure 2. 1 ). To complete the ini t ial analysis a seri es of sorpt ion studies were carr ied out on the 
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so11 samples for I, 3 and 7 day periods. The results ind icated that Br was not absorbed, as Is the 
case w1th most soils <Bowman, 1984). Therefore 1ts movement w1thin the soil prof1le should not 
be impeded. 
Once the i ni t i al tests were completed, automatic water samplers were instal led on Drains B 
through toE. F1gure 3.8 shows the location and arrangement of the water sampler with respect 
t o the weir box at Drain D. To ensure the technique worked, a preliminary trial was carr1ed out 
on Drain E on 6th March 1986. This proved successfu l and on 2nd April I 986 I 19 g of potassium 
bromide salt was spread evenly over a 4 m x 2 m area, 10 m from the outfall and I m ups lope of 
Dra1ns B, C and D. The samplers were set to take one sample every 30 minutes once the drains 
began to f low, giving a total of twenty f our samples over a 12 hour period. This 12 hour per1od 
was chosen to cover the ln1t1al responses of the drains, their peak flows and the beginning of the 
recession flow. Unfortunately the storm that occurred was complex, and a response on the 
recess1on curve of the first storm caused a change In Br levels m the drainage water. lt was 
intended that once the levels of Br had become negligib le the expenment would be repeated. 
However, this was not possible as drainflows ceased on 1Oth April 1986. 
If i t is assumed that I f the hydrological processes that control drain response are identical for 
each catchment, then plots of cumulative y1eld of Br aga inst cumulative dramflow should be 
s1m1lar. The data for Drams Band c is shown in Figure 3.9 . From this plot lt can be seen that 
Drains C and 8 delivered sim ilar quantities of Br even though there is a disparity in cumulative 
drainflow. This suggests that, although the surface hydrology of catchment C is probably t he 
same as in A and B, the subsurface hydrology is not. lt must be assumed that f oreign water is 
entering the catchment of Drain c and find ing Its way to the drain. This would account for the 
higher peak flows and greater discharges reported for Drain C in comparison to the other Drains 
(See Table 3.4 and Figures 3.4 and 3.9). 
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A. EXCAVATING DRAIN TRENCHES 
B. BACKFILLING WITH PERMEABLE FILL 
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A. THREE LEGGED McCONNELL SHAKEARATOR 
B. LOOSENING OF THE EXPER IMENTAL SITE 
FIGURE 3.7 THE McCONNELL SHAKEARATOR USED TO 
CARRYOUT SOIL LOOSENING OPERATIONS 

FIGURE 3.8 ARRANGEMENT OF AUTOMATIC WATER SAMPLER 
AT THE OUTFALL OF DRAIN D I 
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FIGURE 3.9 THE EFFECTS OF SEEPAGE ON THE CUMULATI VE 
YIELD OF BROM IDE AGAINST CUMULATIVE DRAINFLOW 
--- DRAIN B ....... DRAIN C 
TABLE 3.1 
Depth 
m 
0. 1 
0.2 
0.3 
. 
0.4 
0.5 
0 .6 
0 .7 
0.8 
Depth of 
water (mm) in 
0.8 m orofi le 
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VARIATION IN WATER CONTENT WITH DEPTH 
FOR 
a) DRAIN INSTALLATION, b) LOOSENING 
OPERATIONS 
(each value is average of 12 samples). 
Vo lumetric Water Content m3.m-3 
Drain Insta l lation Loosening 
28th September 1985 1Oth September 1986 
0.468 (0.0 1 4) 0 .342 (0.009) 
0.485 (0.0 1 7) 0.341 (0.012) 
0.355 (0.033) 0 .373 (0.045) 
0.386 (0.045) 0.33 1 (0.055) 
0.390 (0.068) 0 .358 (0.065) 
10.326 (0.058) 0.350 (0.063) 
20.356 (0.067) 0.329 ( 0.055 ) 
30.298 (0.058) 0.297 (0.0571 
306.4 ( 1 1 .4) 272. 1 ( 1 5 .6) 
) - standard error 
1. -Average 1 1 samp l es 
2. -Average 10 samp l es 
3. - Average 5 samp 1 es 
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TABLE 3 .2 . ORAl N LENGTH, AREA ORAl NED AND A V ER AGE 
SLOPE FOR ORA l NS A TO F 
Drain Area 
I 
Drainage Ave r age 
Length Drained Densi t y Dr ain 
Cm) m2 m.m-2 S looe % 
A 70.0 13 12.5 18.75 6.07 
B 70.0 1500.0 2 1.43 7 .43 
c 70.0 1500.0 21.43 6.85 
D 70.0 I 1500.0 21.43 6.78 
i• 
E 70.0 1500.0 2 1.43 8 .01 
F 70.0 1500.0 2 1.43 8 .57 
A 
s· 
c 
D 
E 
F 
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TABLE 3 .3. VARIATION IN SOIL DEPTH AND VOLUME FOR 
DRAINS A TO F 
Soil Standard error Volume of %Distribut ion of soil depth 
Dept h of average soil weathered 
0.77 0.07 1010 0 2 1.4 78 .6 
0.76 0.07 1140 16.4 14. 1 69.5 
0.70 0.17 1050 25.3 8.6 66.4 
0.71 0.16 1057 15.6 12.2 72.2 
0.65 0.23 968 28.7 9.5 61.8 
62.9 
For whole 
si .03 14. 1 67. 
No significant difference was observed between the soil depth 
for individual drain catchments. 
TABLE 3.4. PEAK DISCHARGES, YIELD S AND EFF ICIENCIES OB SER VED BETWEEN APRIL AND MAY 1986 
FOR DRA INS A TO D 
DRAIN A DRAIN B DRAIN c DRAIN 
TOTAL MAXINT . 
DATE RAINFALL 
- 1 Op - 1 048 048/ p Op - 1 048 048/ p Op -1 048 a 48/ P Qp - 1 048 
<mm) (mm .h ) <mm .h ) (mm> 
" 
<mm .h ) <mm> 
" 
<mm.h (mm) 
"' 
<mm.h <mm) 
24.3.86 1 7 . 8 5 . 9 0 .352 3 . 15 1 8 0 .3 73 2.84 16 1.1 60 22 . 29 12 4 0 .342 2.98 
21 . 4 .86 7 . 9 3 . 2 0 . 428 4.98 63 0.554 5.92 75 1.569 27 . 1 5 343 0 .388 6.46 
14.5 .86 16 .9 6 . 3 0 .430 2.30 14 0 .319 2.77 15 0 .824 20 .97 124 0 . 3321 2 .86 
17.5 .86 16 .3 5 .2 0.676 1 3 .62 83 0 .6 11 10 .85 67 1.5 13 43 . 29 266 0 .554 1 2 .95 
Op• peak dra l nf1ow 
048• total dralnflow In 48 hours 
P=total ra infall 
D 
048/P 
"' 17 
82 
17 
79 
I 
00 
I 
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TABLE 3.5 . COMPARISON OF DRY BULK DENSITY WITH DEPTH 
BEFORE AND AFTER LOOSENING OPERATIONS ON 1OTH 
SEPTEMBER 1986 
Dry Bulk Density t -3 .m 
Depth Pre loosening Post loosening Level of 
m Significant 
Difference 
0.0 - 0.05 1. 1 1 (0. 1 9) 0.87 (0. 13) 0.01 
0.05- 0.10 1. 12 (0. 15) 0.94 (0. 1 1) 0.01 
0.10- 0.15 1.15 (0.09) 0.89 (0.07) 0.01 
0.15- 0.20 1. 19 (0.12) 0.86 (0.09) 0.01 
0.20- 0.25 1.23 (0. 15) 0.95 (0.05) 0.001 
0.25- 0.30 1.25 (0.08) 1.08 (0.07) 0.01 
0.30- 0.35 1.32 (0.09) 1.08 (0. 15) 0.001 
. 
0.35- 0.40 1.47 (0.08) 1.16 (0. 17) 0.01 
0.40- 0.45 1.48 <0 .05) 1.39 (0.08) n.s 
0 .45- 0.50 1.46 (0.07) 1.47 (0.06) n.s 
n = 10 samples per depth 
< ) Standard error 
n.s= no significant difference 
Analysis showed that soi 1 loosening significantly reduced the dry 
bulk density of the profile at a significance level of 0.001 
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TABLE 3.6 
a. ARABLE ROTATION SEALE-HAYNE COLLEGE FARM 
2 years short duration rye grass 1 ey 
2 years winter wheat 
2-3 years winter or spring barley 
b. ACTUAL CROPPING PATTERNS FOR THE EXPERIMENTAL 
SITE 
Cropping Year Crop 
1979-1981 Short duration rye grass 1 ey 
1981- 1982 Winter barley trials (N.I.A.B) 
1982-1983 Root fodder crops (N.I.A.B) 
1983-1 984 Spri ng barley 
1984-1985 Winter Wheat 
1985-1986 Winter Wheat 
1986-1987 Winter Wheat 
1987-1988 Winter Barley 
TABLE 3.7. CULT I VAT ION Dl ARY FOR EXPERIMENTAL SITE: MORLEY HILL -SEALE-HAYNE COLLEGE FARM 
Date Crop Ploughed Seedbed preparat1on Sowing Date Fert111zer Sprays Harvest Tota l Number 
Passes 
63-64 Spr ing 20th February 2nd March Dlsced 7th March 6th March (0:25:25) 9th May 5th July 10 
Bar I ey Tined Broadcast 1st May (N I tram> 30th May 
7th March Drag Harrowed 
64-65 Winter 6th October 1 1 th Oct Power Harrowed 13th Oct 12 Oct (0:25:25) 25th Feb 9th Sept 1 3 
Wheat Twice Broadcast 16th Apr11 (N1tram) 17th May 
13th Oct Drag Harrowed 1st may (N1tram) 3rd June 
4th Sept 
65 - 66 Winter 13th October 15th Oct Dlsced x 2 16th Oct 15th Oct (0:25:25) 16th Apr11 2nd Sept 1 3 
Wheat Harrowed Broadcast 26th Feb (NI tram> 19th May 
16th oct Drag Harrow ed 25th Apr11 (N1tram) 6th July 
66-67 Winter 1 Ha. Plot 25th Sept Dyne-Drive 2nd Oct 1st Oct (0:25:25) 1st April 17th Aug 6 
Wheat 17th Septembe Dr111 ed 16th April (NI tram> 11th June 
1st Oct Power Harrowed 2nd Oct 10 
2nd Oct Drag Harrowed Broadcas t 
Rolled 
I 
(l) 
.t> 
I 
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PART I ll 
EXPERIMENTAL METHODS 
4. I I otroduct j on 
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CHAPTER 4 
HYDROLOGICAL MEASUREMENTS 
The principal aim of land drainage is the efficient removal of surplus rainfall from a soli profile, 
the excess rainfall causing a drainage response that is characteristic for the catchment and 
treatments imposed upon it (Nicholsoo, 1953; England and Holtoo, 1969). Studies in drainage 
attempt to Quantify these responses, with early workers <Lawes et al., 1881; Bailey Deotoo, 
1883) concentrating on total draioflow to determine the efficiency of a drainage scheme. Yet 
drainage treatments dramatically alter the natural hydrological response of a catchment, 
responses to discrete rainfall events being short, not long term phenomena (Martioec,l 985). The 
development of automatic monitoring has allowed these responses to be described in detail. Each 
response varying with time and attributed to variations in catchment characteristics and rainfall 
distribution (Child, 1943; Trafford and Rycrort, 1973; Roblosoo and Beveo, 1983; Parkiosoo, 
1984). 
The objective of this study is to ascertain the effects or soil loosening on the hydrological 
response of a structurally unstable SJity clay loam. To be able to describe these responses 
requires intensive measurement of rainfall, draioflow, sol I water behaviour and sol I physical 
characteristics. A complete account of catchment characterlst lcs and drainage treatments was 
given in chapters 2 and 3. Figure 4.1 shows the location of all permanent experimental 
installations. This section considers the measurement of hydrological variables, with Chapter 5 
concentrating upon soil water variables. 
4.2 Precjojtatjoo 
The measurement of rainfall is subject to many errors that complicate the primary aim of 
obtaining a point sample that is representative of the rainfall occurring over the study area. 
Errors may arise from the design of the gauge and interaction with its environment, but more 
importantly in this study are variations in spatial distribution (Rodda,l967> 
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i l Instruments 
A continuous record of rainfall from October 1985 to September 1987 was obtained using a 
seven day syphon rain gauge with a 12.9 cm diameter orifice, 30 cm above ground level, 
permanently sited at the College meteorological station. The meteorological station is situated on 
a southerly facing grass slope 83 m a.s.l., 0.9 km to the north of the experimental study area. 
The location of the meteorological station is given in Figure 2.2. Weekly rainfall totals were 
recorded using a check gauge, with a 12.9 cm orifice, 5 m to the west of the syphon gauge. From 
September 1986 to Apri I 1987, a second check gauge with a 20.3 cm orifice, was located on the 
experimental site (see Figure 4.1 l 55 m a.s.l. Measurements were taken on a daily basis and at 
set time intervals during selected rainstorms. 
iil problems jn Rainfall Estjmatjon 
The problems of rainfall measurement and the design and location of rain gauges Is well 
documented and reviewed by the World Meteorological organ I sat ion (W.M.O., 1981 l. Gauges raised 
above the ground are subject to turbulent airflow that may cause an underestimate of total 
rainfall occurring at a site. Rodda ( 1967; 1969) noted that raised gauges had a tendency to 
underestimate by 6% on average, windspeed affecting the degree of loss. No attempt was made to 
correct for this source or error identified by Rodda ( 1967; 1969). A statistical comparison of 
weekly rainfall totals for> syphon and check gauge at the meteorological station yielded a very 
high correlation (r=0.996l, the syphon gauge producing totals that were on average 3.5% less 
than the check gauge. 
Although confidence could be expressed in point rainfall estimation at the meteorological station, 
how representative was this or rainfall occurring on the study area? The effects of distance, 
altitude and aspect all compound errors that might occur, with southerly racing slopes receiving 
on average more precipitation than northerly facing slopes due to prevailing south westerly rain 
bearing winds (Reid, 1973bl. A statistical comparison of daily totals for the experimental site 
and meteorological syphon gauge for the period September 1986 to Apri 1 1987 showXa very high 
correlation <r=0.992l. On average the meteorological station values were 2% larger than the 
experimental site. This is a high level of agreement, however, rain storms of short duration and 
high intensity have very high spatial variation in precipitation (Penman, 1963; Turner, 1971 l. 
Although no such storms caused a drainage response, a check was made to see how even 
precipitation was over space and time between the experimental site gauge and the syphon gauge. 
Records of 26 storms occurring between September 1986 and Apri I 1987 were collected on the 
experimental site gauge. A statistical comparison or these totals with the syphon gauge gave a 
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very high correlation <r~0.996l, the experimental site recording on average 0.36~ more 
precipitation. The very close agreements between the experimental check gauge and the 
meteorological site gauges give confidence in the use of the syphon gauge to predict rainfall over 
the experimental site. 
4.3 Eyaootranspjration 
Although no measurements of evapotranspiration were made for the study area, its effect on the 
water balance is of major importance. especially In the summer period when evapotranspiration 
exceeds rainfall. This results in a depletion of the soil water store, which may in turn lead to 
drought. This is a response common to the shallow soils that have developed over the palaeozoic 
slates during dry summers (Find lay et al., 1 964). Hydrometeorological averages for cl lmatic 
area 43S have been discussed previously. Such values allow designers to plan for extremes of 
rainfall and evapotranspiration, but do not allow for weekly changes in the sol 1 water balance. 
The Meteorological Office Rainfall and Evaporation System (M.O.R.E.C.S.) was designed to meet 
this demand and produce weekly objective estimates for 40 km squares throughout Great Britain. 
Actual evapotranspiration values were obtained from the weekly M.O.R.E.C.S. information sheets 
for geographic area 169 <Thompson et al., 1961 >for the period September 1984 to September 
1987. Use of these values allow conclusions to be made about soil water status prior to the 
Intensive measurement of soil water content. However it should be emphasised that these values 
are area! estimates and make no account for local environmental variability within the 40 km 
square (F 1 e 1 d, 1963 l. 
4.4 prajnflow Measyrement 
ln characterising the hydrological response of a drainage scheme to a rainfall event a record of 
drain discharge is required. Prior to the development of sophisticated measuring devices. 
historical drainage studies relied on measurements of total volume of dralnflow at discrete time 
Intervals (Lawes et al., 1661; Bailey Dent on, 1883; Williams, 1971 ).). Such measurements give 
rise to typical flow rates but do not give detailed Information on hydrological responses over a 
short period of time. However, with the Increased development of measuring devices, continuous 
records of water flow can be obtained <e.g. Chllds,l940b; Schwab et al., 1963; Wall ing,l 971; 
Edwards et al.,l974). The measurement of such flows in open and closed channels has been 
reviewed by Ackers et al. (I 978) and its practice is termed Hydrometry. 
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During the course of this experimental study the flow regimes of six lateral drains (see Figure 
4.1 J were continuously monitored. The choice of drainflow meter being determined by the 
circumstances of the situation (8.5.1., 1 965J. The proximity of the drain outfall to the surface of 
water in the out fall ditch limited choice (Wesselling, 1 958). With this consideration in mind, 
during drain Installation a freeboard of> 0.25 m below each outfall was ensured by regrading the 
existing outfall ditch. For experimental situations where ditching operations are restricted, the 
F.D.E.U. developed a vane in orifice meter <Flands, 1973) that replace two tiles in the drain 
length. Although capable of recording flows even when the outfall is submerged, maintenance and 
field operations are difficult when located in the middle of a field. In situations where water 
levels in the outfall ditch are not limiting factors any type of recording device may be placed at 
the end of the drain, as long as it is simple, reliable, inexpensive and does not effect drain 
efficiency. The commonest devices •1sed to measure soil water flow are v-notch weir boxes and 
tipping buckets. Reviews of their development, construction and use being made by Parkinson 
( 1984J and Talman and Harris ( 1983). The accuracy of any device is limited by its recording 
system. For the purpose of this study drains A toE were monitored by V-notch weir boxes and F 
by a tipping bucket (see Figure 4.2). 
Prior to the installation of drainflow meters the characteristics of drainflow responses were 
unknown. To ensure meters were designed to accommodate the maximum range of flows, 
manually determined discharges were taken from all 6 drains for a number of storms during 
November and December 1.985. Observed instantaneous discharges ranged from 0.02 l.s- 1 to 0.5 
l.s- I. 
i J V-notch Wejr Boxes 
A weir is basically a device for restricting the flow of water in such a way that the flow rates 
can be determined by accurate measurements of head upstream. Optimum designs, boundary 
conditions and expected head levels for given angles of Y at different flow rates can be obtained 
from 8.5.1. 3680 (8.5.1., I 965J. Weir boxes are considered to be partially contracted (Ackers et 
al., 1 978) and discharge can be calculated from the head/discharge equation: 
o ~ 0.533.Ce.tan (" J 2g.h25 
2 
where o ~discharge (l.s-1 J 
a~ included angle of notch 
g ~ acceltration due to gravity 
Equation 4.1 
h ~ head above the base of the v-notch(cmJ 
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, Experience has found weir boxes that conform to boundary conditions set down by B.S.I. are too 
large for field drainage experiments <Talman, 1979), however modifications of designs followed 
·by careful calibration have been used with varying degrees of success (Schwab et al., 1963; 
Truesdale and How se, 1977; Tal man and Harris, I 983; Parkinson, 1984). 
a)Constructjon 
Two designs of small steel weir box were used during this study. The first use of the type I box 
was reported in Parkinson (I 984) and is illustrated in Appendix 2.1. The type 2 box was a 
modified version of type I. These modifications were due to changes in construction, aimed at 
producing a water tight chamber with fewer joins than the type I box. The use of a jig to form 
the 4 mm thick mild steel into a box shape ental led an increase in width from 19.6 cm to 30 cm. 
In addition, a baffle was located 12.9 cm from the rear of box to form a stilling well into which 
the drains could. discharge to reduce turbulence between the pressure bulb and the v-notch. The 
design of the type 2 box is illustrated in Figure 4.3 together with the location of the pressure 
bulb. The height of water in each box was recorded on a circular chart with a maximum range 
from 0.0 to I oo cm. Pressure bulbs are located on the side of the box wall a distance of 3.6 to 
3.7 hmax from the V. A comparison of boundary conditions for the two types of box with B.S.I. 
specifications is made in Table 4.1. 
b l Cal jbrat jon 
The range of flows that" can be measured by a V-notch weir will vary with its angle. lt is 
generally accepted that 1 12 - goo, 1 14 - 9oo and 1 /8 - goo notches, nominally deliver 1 /2, 
1/4 and 1/8 of the discharge or a goo notch respectively (Ackers et a/.,1978). For laterals 
draining areas of 0.21 to o.s ha Park inson < 1984) found that a 1/4 - goo v-notch weir was 
sensitive to the flow range observed. However, due to deviations from B.S.I. specifications a 
dynamic calibration of the boxes was reQuired to allow comparison with predicted flows. The 
narrow approach channel caused higher actual discharges above 5 cm head and lower actual 
discharges below 5 cm. Errors between actual and predicted discharges were small and use was 
made of the calibration curves derived from equation 4.1 and given by B.S.I. ( 1965) for a 
partially contracted 1/4- 90o v-notch weir. 
The instantaneous discharges observed for drains A to F reported in Section 3.3 reflect the 
smaller drainage areas of this study compared to Parkinson ( 1984). Peak flow rates from a 
subsoi led drainage system with an area of 0.15 ha were estimated using experimental drainage 
and meteorological data ( M.A.F.F., 1983). Peak discharges in the region of 0.2 l.s-1 could be 
expected for average winter conditions with a maximum of 0.5 l.s-1 occurring during winter 
rainfall events with a 10 year return period. To ensure sensitivity a 1/8-900 V-notch made 
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from 6 mm stainless steel was attached to each of the five weir boxes to be used. Dynamic 
calibrations were carried out for individual v-notch weir boxes to derive the relationship 
between head and discharge. The regression equations for each box are presented in Table 4.2, 
while Figure 4.4 illustrates the relationship for box E. Each data point is the average of I o 
time/volume measurements, I o.o I for discharges above 5.0 cm head, and 5.0 I for discharges 
below 5.0 cm head. High correlation values were obtained for each of the 5 boxes with standard 
errors for the calibrations ranging from 0.42 to 1.36K Variations between calibration curves 
are attributed to slight geometrical differences between each V-notch weir box. Accuracy of the 
calibration curve for each V-notch weir box was checked periodic.ally thro:...~hout the ::;tudy period 
by measuring instantaneous discharges. These observed discharges agreed to within 2% of the 
discharges predicted by the derived calibration curves. 
c)!nstallatjon 
Following calibration each box was installed on a concrete plinth placed below each drain outfall, 
type 1 boxes were placed below Drains A and B, with type 2 boxes below C and D during .January 
1986, with a third type 2 box placed below Drain E in September 1986. During installation care 
was taken to ensure that each box was level. The upper limit of box operations was 1.2 l.s-1, 
this discharge being exceeded only by drain con 9 occasions during the September I 986- I 987 
period due to ground water seepage (see Section 3.5 for a more detailed account>. 
d)Majntenance and Cha"rt Analysis 
In all, five weir boxes water levels were monitored continuously by pressure bulb recorders. The 
pressure bulbs are I inked by neoprene tubing to expandable bellows to which a pen is attached. 
The response of the system is that a 1.0 cm change in water height produces a linear response of 
the pen on the circular seven day chart. The recorder had a maximum range of 100 cm. Regular 
checks on the accuracy of the system were carried out by comparing chart stage with actual 
water heights. This checking system was carried out twIce a week to detect any defects in the 
system. Actual stage heights above the V notch were determined be the following equation: 
h=(C!.F)-..J EquatIon 4.2 
where h =Height of water above "V" notch. 
c =Height of water above pressure bulb given by chart. 
F =Difference between the chart height and actual height. 
..J = vertical distance from the pressure bulb to base of ·v· notch. 
During stage height checks the accuracy of the chart clocks was also assessed with any 
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inaccuracies at the end or the week divided equally on a daily basis throughout the week. 
Throughout the study period the system proved reliable and required very little maintenance 
unlike systems relying on rods and cogs attached to floats described by Talman and Harris 
( 1983). The pressure bulbs were zeroed at the beginning or the drainage season using wooden 
templates. This was repeated only once following a period c~ ~reezing weather in January 1987 
which caused ice to accumulate in the weir boxes. 
Interpretation or the drainflow record charts was carried out with a circular template subdivided 
into half-hourly segments. This allowed all hydrograph event~ to be estimated to within!. 5 
minutes. Accuracy or the pressure bulb system was round to be within!. 2mm, allowing stage 
heights to be estimated to the nearest millimetre. 
i i) Tiooing B!lcket Gauges 
Following the installation or the five weir boxes (A to FJ, the monitoring or drain discharge was 
completed in September 1986 by the installation or a tipping bucket gauge at Drain F. The choice 
or gauge was influenced by the availability or a suitable pen and ink event recorder and lack or a 
recorder suitable for a sixth ·v·-notch weir box. The design and dimensions of the tipping bucket 
were outlined by Parkinson (1984) and is.illustrated in Appendix 2.2. 
The use or tipping bucket gauges within hydrological studies is well documented along with the 
abll ity to monitor low flows that limit the accuracy or conventional weirs (Tal man, 1979). Design 
and construction become increasingly complex as bucket capacities increase, buckE'ts of 12.0 I 
capacities requiring complicated damping devices to reduce splash loss and prevent self 
destruction (Edwards et al., 1974). For simp I icity of construction and design a bucket of 1.0 14 I 
static volume was chosen, bearing in mind flow rates that had been observed. 
a)Constructjon and Caljbratjon 
The bucket consists of two equal compartments that rotate about a central axle. When one side is 
filled with water it overtips, empties and presents the other section to the drain outrall. A 
counter may be used to assess cumulative tipping or an electric impulse switch may be used to 
register each tip on an event recorder (Talman, 1979). For the purpose of this study an offset 
mercury impulse switch was used to register the tips on an event recorder so giving a continuous 
record. 
Prior to installation the bucket was dynamically calibrated for a range of discharges. Calder and 
Kidd ( 1978) pointed out that the relationship between flow rate and tipping rate is not linear as 
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variable quantities of water are lost during the tipping action. They have shown that if the tipping 
time is assumed to remain constant with discharge the following first order dynamic calibration 
equation results: 
where 
0 = V/(T-t) Equation 4.3 
O= discharge 
V =bucket volume 
T =time between tips 
t =time taken for bucket to move from rest to mid position 
beneath the f I ow source. 
V and t were determined dynamically as for v-notch weirs in Section 4.4(il. A plot of the 
reciprocal flow rate versus time between tips gave a linear relationship, described by the 
following linear regression equation: 
T = 0.529 + 0.984 0 r = 0.998 Equation 4.4 
Both V the dynamic volume and t the tipping time may be derived from this linear regression. V is 
given by the regression coefficient and t by the intercept on theY axis. 
The relationship between the tips per second and the flow rate is shown in Figure 4.5. The curve 
has been fitted be eye as it appears to be divided Into three sections, becoming steeper with 
Increasing flow rate. This curve was then used to convert tipping rate <obtained from the event 
recorder trace) to discharge. The upper limit of accuracy for the bucket was 1.0 tlps.s.- 1. Above 
this limit the decrease in T compared with t resulted in large inaccuracies due to excessive 
splash loss during tipping. 
b)Recorder 
The event recorder used a chart drive fixed at 0.25 inch.hr- 1. This proved extremely accurate, 
to within .:!:... I minute per week, which represents an accuracy within 0.01%. The charts were 
checked weekly and although the chart only needed changing once every 3 months, sections of the 
chart were removed at weekly intervals for analysis. This proved wise, as following high winds 
in March 1987 the event recorder was blown into the outfall ditch causing the ink reservoir to 
be upset and part or the trace lost. Traces produced were analysed by eye and the number of tips 
per second converted to discharge in litres per second using the calibration graph Figure 4.5. 
Throughout the study period the bucket gauge worked well. The only maintenance required was 
the oiling of the axle bearing twice a week. 
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4.5 Bajnfal! and Dcajo(Jow parameters 
In the case of this study, any variation in draioflow hydrographs can be attributable solely to 
drainage treatment, whereas Wall iog ( 1971 > noted that catchment responses were attributable to 
land use. To enable comparison or draioOow hydrograph characteristics for loosened and 
unloosened plots in response to a rainstorm, confidence in all timings is required. All timing 
mechanisms used in this study were checked on a daily basis and round to be reliable, and 
accurate to within approximately 15 minutes a week. Any losses or gains were adjusted for 
incrementally throughout the week. 
i) Analvsjs of Syphon Rajn Gaqge Charts 
The charts from the syphon rain gauge provided a continuous record or rainfall, as distinct from 
integrated totals. Analysis of these charts allows various parameters to be identified for 
individual storms and related to the resulting drainflow hydrographs which reflect the amount and 
distribution or an individual rainstorm <Reid and Parkloson, I 984al. A variety or parameters 
have been used in hydrological studies to describe the distribution of rainfall for a particular 
storm. Whilst some workers have used the storm start time it is more common to employ the mid 
point or effective rainfall, the time when 50% or the rain in the storm has fallen (Holtan and 
Overt on, 1 963; Gregory and Wall iog, 1 973; Weyman, 1 975). The follow log parameters were 
determined for individual storms: 
- Amount or rainfall <mml. 
-Start and finish times (!.5 minsl. 
-Time that 50% or the rain in a particular storm had fallen, 
considered to be the storm centrotd.(P50> 
-Maximum intensity (measured over 0.5 hours). 
For the purposes or this study hydrograph characteristics, principally start time and peak time 
s were calculated from the storm centroid. The determination or the. paramete~ can lead to some 
subjectivity especially In case or multiple hydrograph responses caused by the irregular pattern 
or a rainstorm due~unrellable clocks (Rycrort, 1971bl. 
iilMalysjs of prainf!ow 
In order to est ab! ish if there was a significant difference In the patterns or drainage response 
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following soil loosening, the hydrograph analysis was based on methods outlined by Holtan and 
overton < 1963), who identified a group of parameters that can be used to describe the drain 
outfall hydrograph. These are shown In Figure 4.6. The time of start of the hydrograph rise, ts. 
and the time or concentration, tc, are both defined in relation to the storm centroid, P5o. The 
time of rise, tr, is the time taken for the drainflow to attain peak discharge. Op_ 
A further hydrological parameter or a drain catchment is the drainage efficiency, which is 
defined by May and Trafford ( 1977) as the percentage or total rainfall that appears as drainflow. 
This is a function of the time taken for a drainage scheme to remove excess rainwater from the 
soil profile (Smith, 1972). Drainage schemes are designed to remove a certain quantity of water 
for a given time period. This is the drainage design rate (Rands,t973l. By convention this is a 24 
hour period from the start of hydrograph rise (Clark et al.., 1988), all water held by gravity 
assumed to have left the profile after 48 hours <Thomasson and Trafford, 1975l. Unfortunately, 
few drainage studies attempt to standardise or to adhere to set time periods over which total 
drainflow is measured. An extreme example is Arrowsmith (1983), who, in studying the 
efficiency or three different drainage schemes used the time period taken for each treatment to 
return to Its discharge at the beginning of the storm. The resulting time periods over which total 
discharge was determined varied by up to 10 hours for one storm. This makes statistical 
comparisons between drainage treatments extremely difficult. To enable comparisons of drainage 
efficiencies from the different drainage treatments in this study, total drain discharge for 24 and 
48 hour periods after the start time were determined by integrating under the hydrograph for 
individual drains, unless the recession ceased before that time period (see Figure 4.6). 
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A. DRAIN D 1/8 90° 'V - NOTCH WEIR BOX' 
B. DRAIN F TIPPING BUCKET 
FIGURE 4.2 ORA l NFLOW METERS 
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TABLE 4. 1 COMPARISON OF BOUNDARY CONDITIONS FOR 
'V'-NOTCH WEIR BOXES ON DRAINS A,B AND C,D,E WITH B.S .I . 
SPECIFICATIONS 
A B C 0 E B.S.I. Limits 
head,h <cm) 0.0 - 12.5 0.0- 12.6 > 5.0 
vertex height, J (cm) 12.2 12.4 > 15.0 
h/J < 1.05 < 1.02 < 1.2 
width B (cm) 19.6 30.0 > 60.0 
h/B < 0.65 < 0.42 < 0.40 
G 3.65 hmax 3.69 hma> > 3.4 hmax 
G =Distance from pressure bulb to weir plate. 
Box 
A 
B 
c 
0 
E 
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TABLE 4.2 REGRESS I ON EQUATIONS DESCR IBING 
CALIBRAT ION CURVES FOR 1/8-900 'V' - NOTCH WEIR BOXES 
LOCATED AT ORA l NS A TO E 
(see Figure 4. 1 for loca t ion) 
Intercept Regressi on coefficient r s.e. Upper limit of 
a b discharae l.s- 1 
- 2.62 2.44 0.993 0.0136 1. 18 
- 2.42 2.29 0.999 0.0042 1.25 
- 2.40 2.26 0.998 0.0059 1.22 
- 2.44 2.31 0.997 0.0104 1.26 
- 2.48 2.32 .Q997 0.0124 1.18 
LogO (l.s- 1)=-a+b. (logh) 
where 
O=flow rate(l.s- 1) 
h=head of wa t er above V(cm ) 
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CHAPTER 5 
MEASUREMENT OF SOIL WATER VARIABLES 
5.1 lntroductjon 
Within the soil-water system water occurs in 3 phases, as a solid (iceJ, a liquid and a vapour. In 
studying the hydrological response of a sol I to drainage treatments it is the liquid phase that is of 
particular interest as its behaviour reflects the physical properties of the soil in question. There 
are many techniques available to measure soil water, these involve either direct or Indirect 
methods that have been compared and discussed in de tal I by many workers (e.g. Black, 1965; 
Skinner, 1973; Curtis and Trudgill, 1974; Wllliamson, 1982). Nevertheless, however accurate 
or consistent a proposed technique may be in assessing soil water, it will ultimately be affected 
by the natural variabi I i ty or the sol !-water system (Richards, 1965b; Reynolds, 1970a; Miller, 
1973). Due to the heterogeneity of soil, natural spatial variations in soil- water distribution 
are the norm, rather than the except Ion. These variations influence samp I ing strategy and 
interpretation of results (Nielsen et a/.,1973; Warwick and Nielsen,l980) along with temporal 
changes in the soil- water system caused by fluctuations in soil water content. 
In October 1986 an intensive monitoring and sampling programme was designed to determine the 
effects or soil loosening on the hydrology of the site following the sowing of winter wheat. 
Throughout the study period great care was taken to avoid the creation or artificial hydrological 
discontinuities, which have been observed to influence flow regimes (Whipkey and Kirkby, 1978). 
Such discontinuities arise during the removal of soil cores for destructive sampling and following 
repeated visits to permanent installations. To reduce the effect of such discontinuities occurring 
within the flow regimes that were to be studied all permanent installations were surrounded by 
duck boards to prevent poaching and cores taken for destructive samp I ing were replaced 
whenever possible. The techniques used in this study are outlined in the following sections, with 
the location or all permanent installations Illustrated in Figure 4.1. 
5.2 Soj I Water Content 
Methods of determining soil water content can be divided into two groups, those occurring in the 
field, and those that necessitate the removal of a sample for laboratory determination. In situ 
field techniques allow repeated measurements at the same location. which provides estimates of 
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temporal change in water content. In contrast, sampling is destructive and requires a succession 
of sampling locations, if repeated measurements are to be made. Such techniques are ideal for 
assessing spatial rather than temporal variations in water content. Two techniques were 
employed in this study for the determination of soil water content, a field method using the 
neutron probe and a laboratory technique, the gravimetric method. Both techniques assess the 
volumetric water content of the soil and are discussed in detail in the following section. 
i) Neutron Method 
The neutron scattering method for measuring volumetric soil water content has become popular 
since its introduction <Belcher et al., 1950; Gardner and Kirkham, 1952). To determine a soil's 
water content the probe is lowered into the soil via aluminium access tubes. A radioactive source 
(50 mCi americum-beryllium in the case of the ·walliogford Soil Moisture Probe') emits fast 
neutrons that collide with the nuclei of various atoms in the soil and lose energy. Atoms with low 
atomic weights, predominantly the hydrogen of water, account for the greatest loss of energy 
which cause the neutrons to slow down after a coli is ion and form a cloud of thermal neutrons 
around the source. The density of the cloud is measured by a boron trifluoride detector linked to a 
ratescaler that provides an average count rate over a preselected time< 16 and 64 seconds for 
the Wallingford Probe). The density of the cloud is directly proportional to the soil water content, 
which Is measured as the count rate. Count rate and water content are related by a calibration 
curve for the soi I in quest ion. The thermal cloud w i 11 vary between 20 and 30 cm in radius, 
. 
depending on the water content of the sol I, the larger radius occurring when the soi I is drier 
(lillgaard, 1965). Comprehensive reviews on the development and use of the probe have been 
made by many workers (for example, Gardner, 1965; Bell, 1969; 1973; 1976; Visvall ingham 
and Tandy, 1972; Greacen, 1981 ). The major advantage of the probe is that repeated 
measurements can be made at the same location. 
al lnstallatjon of Access Tubes 
For the purposes of this study three banks of three access tubes each were installed at 
Seale-Hayne College Farm. One bank was located on a permanent pasture site (see Figure 2.2 for 
location) or a similar soil type to the experimental site where two other banks were placed, one 
on the loosened treatment and the other on the unloosened. The location of the two banks relative 
to the drains is shown in Figure 5. I. Each bank was arranged in a triangle at mid drain spacing 35 
m upslope of the outfall ditch with 2 m between each tube, this allowed gravimetric samples to be 
taken around the three tubes at each location. Duckboards were placed around each tube to 
minimise disturbance of the soil surface when measurements were made. lt was assumed that the 
use of duckboards did not significantly modify water receipt at the soil surface. 
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The aluminium tubes were emplaced into holes cut by a hammer corer in 15 cm sections under 
dry conditions. While this is not the approved technique of Eeles ( 1969), which uses guide tubes 
for the auger, it was found to be appropriate for the soil in question, causing minimal soil 
disturbance. If a stone was hit during coring the hole was abandoned and backfilled. The errors 
that occur from poor installation are well documented (Stirk, 1972; McGowan and Williams, 
I 980l, and lead to air gaps between the access tube and soil that can lead to under or over 
estimation of soil water. In addition, the type of clay present plays an important part in the 
format ion of cracks during wetting and drying, installation under dry conditions being only a 
temporary answer in swelling soils (Jarvis and Leeds-Harr~::;on, I 987bl. The subsequent 
excavation of a tube in the grassland site, following damage by a mower, showed no soil 
disturbance around the tube, indicating installation methods were satisfactory for the soils in 
quest ion. 
bl Probe Cal ibratjon 
Techniques for the derivation of calibration curves for different soil conditions are well 
documented <for ex amp le Long and French, I 96 7; Greacen et al., I 981 l with accurate readings 
above 20 cm depth difficult to obtain due to the escape of neutrons from the probe's sphere of 
influence <Bell,l973l. To enable the estimation of water contents in the top 20 cm of a profile a 
correction factor or separate calibration is required <Grant, I 975) as the probe may 
underestimate by up to 5% as it nears the surface (Long and French, 1967). Calibration of the 
neutron probe for the soil in question was determined by the field method recommended by Eeles 
< 1 969), with a separate near surface calibration carried out for the top 10 cm of the soil profile. 
I l 20-80 cm 
Trip I icate gravimetric samples were taken from 20, 30 and 40 cm depths around the access 
tube, using a relieved bore corer. Repeated measurements over a range of water contents 
allowed a calibration curve to be derived (see Figure 5.2). As the curve shows, there is a linear 
relationship for the three depths sampled with a very high degree of correlation <r ~ 0.967) 
showing that in the case of this soli, there are negligible surface effects at 20 cm. The linear 
relationship can be expressed as: 
020 ~ -0.205 + 1.270 R/Rw Equation 5. 1 
where 020 ~water content, volume fraction for ~20 cm depth. 
R ~ measured count rate. 
Rw ~ count rate in water. 
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Therefore readings were taken for each tube to within 20 cm of the soil surface, at I 0 cm depth 
intervals throughout the study period and converted to water content using the least squares 
regression line on the calibration curve <see Figure 5.2). 
Trip! icate gravimetric cores were taken from I o cm depth, during thecal ibrat ion period and a 
calibration curve derived. A linear relationship with a high degree of correlation <r = 0.936) was 
observed for count rate and water contents above 0.32 m3.m-3. <see Figure 5.3). The linear 
relationship expressed as: 
01 0 = -0.0726 + I. 153 R/Rw Equation 5.2 
where 0 1 o =water content, volume fraction at I 0 cm. 
The resulting least squares regression equation was used to determine water contents on a 
weekly bas1s throughout the winter period <see Chapter 7) with fortnightly gravimetric samples 
taken at 0 to 5 cm and 7.5 to 12.5 cm depth to check the predicted water contents. When 
predicted values fell below 0.35 m3.m-3 water content, triplicate gravimetric samples were 
used to determine water contents above 20 cm depth for each access tube. 
cl Errors jn Water Content Predict jon 
Errors encountered in the use of the neutron probe are well documented (for example, Holmes and 
Jenk inson, I 959; Wi lliams, 1971; Wi I I lams and Sinclair, I 981 l with major sources of spatial and 
profile variation that affect accurate determination of absolute water contents attributed to soil 
chemistry (0lgaard, I 965) and bulk density (Stone, I 960; Bell and McCulloch, I 966). When 
determining changes in water content a single calibration curve may be used and the effects of 
chemistry and density ignored if no gross variation occurs (Bell, 1973). 
it is unlikely that any significant changes in soil chemistry occurred during the study period. 
However it is recognised that bulk density may vary with water content in some soils <Rheinhart, 
1 954; Magar et al., I 980) and is assessed for the surface horizons of all access tube sites. 
Slopes of regression lines relating bulk density to water content for the period October 1986 to 
September I 987 for 0.0 to 5 .0 cm and 7.5 to 12.5 cm depths for unloosened, loosened and 
control are given in Table 5.1. The very low slopes of the regression coefficients, b, indicate that 
changes in water content do not affect the bulk densities of the surface horizons. A similar trend 
was reported for a heavy clay soil by Parkinson (I 984), which demonstrates that temporal 
changes in bulk density are not a problem m accounting for errors in probe readings. Although 
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soil loosening operations did cause significant reductions in dry bulk density between 20-40 cm 
(see Section 3.2ii and Chapter 6) predicted water contents were periodically checked against 
gravimetric cores. These gave a high degree of correlation (r=0.934) throughout the winter 
period and it was considered that only two calibration curves were required to determine changes 
in soil water content at the three sites. one for depths from 20 cm and a second for the top 10 
cm. 
However, Bell ( 1 973) points out that there is one source of error that is inherent to the neutron 
probe and cannot be ignored. This is the random counting error (Em) that occurs due to the 
randomness of radioactive decay of the neutron source, and can be expressed as : 
Em= .d...- B._. ( 1_ + _L) 0.5 Equation 5.3 
G Rw RT Rw Tw 
where G = slope of calibration curve RIRW against water 
T =counting time 
R = count rate in soi 1 
Rw = laboratory water standard count rate 
d =probability constant (2 for 95%) 
The random error increases with count rate i.e. the wetter the soil the bigger the error. Greater 
precision may be obtained by increasing the counting time and this factor is limited by the amount 
of time available to record water profiles. As a compromise a 64 second count was used for the 
water standard and 16 seconds for field data. The relationship for random counting error and soli 
water content at the 95% probab i I i ty level are presented in F i\;ure 5.4 for both ea 1 ibrat ion 
curves. 
i i) Grayjmetrjc Method 
The gravimetric method of soil water content determination gives absolute values and is the 
ultimate reference method against which field installations for the measurement of soil water 
content are calibrated (Bell, I 973; Curt is and Trudgill, I 974). The procedure involves the 
determination of weight loss ror a soli sample <or known volume) on drying in an oven at 105 to 
1 10 °C. Typically samples are drieo ror 16- 24 hours, with some soils requiring 48 hours 
(Reynolds, 1 970bl. For the purposes of this study a 48 hour time period was used ror all 
samples. The techniques and associated errors have been comprehensively reviewed by Gardner 
< 1965). Undisturbed cores or known volume are usually taken with a relieved bore corer. 
-I 10-
specifically designed to minimise changes in soil density during the cutting process. 
Although this method gives absolute water contents, its inherent problem is that the taking of the 
sample destroys the sampling site. In temporal studies of changing water content this means that 
successive measurements require new sampling sites which lead to a progressive destruction of 
the area. Each act of sampling will leave a hole that will cause a discontinuity in the hydrology of 
the soliJ \:his effect can be minimised by replacing cores in the holes, but it Is unlikely that the 
replaced soil will be at the same water contents as the surrounding soil. An additional problem is 
the known spatial variation in soil water content, and the number of samples required to derive a 
mean estimate of soil water content to within a standard error of 5~. The number of samples 
varies from 3 to 10 depending on soil type (Hills and Reynolds, 1969; Reynolds, 1970b) with 
sample variance decreasing with increasing core size diameter (Hawley et a/., 1 982). A core size 
of not less than 3.8 cm is recommended to keep sample variance to a minimum. 
The number of samples required must take into account the spatial variability of soil water 
content (Nielsen et al., 1 973) in both vertical and horizontal directions. Hills and Reynolds ( 1 969) 
have indicated the number of samples required to obtain a representative estimate of soil water 
content. However, such studies are often impracticable due to the large number of samples 
required and the temporal changes in water content during sampling and the damage caused to the 
site. During the period October 1986 to September 1987 gravimetric samples were taken at two 
depths, 0.0 to 5.0 cm and 7.5 to 12.5 cm to supplement neutron probe data in the surface horizon. 
Triplicate samples were taken around each access tube with a 4.0 cm internal diameter relieved 
bore corer using Reynolds ( 1 970b) random wind rose method. Samples were taken at 1.0 m 
distance from each access tube. 
When comparing the two techniques used for the assessment of soil water content drawbacks and 
errors in both approaches must be borne in mind when comparing results. Although the neutron 
probe averages water content over a sphere volume ranging from 4,200 to 22,500 cm3 
depending on water content (01gaard, I 965) the values are not absolute. In contrast, the 
gravimetric method provides absolute values for a sample volume of 188.5 cm3. against which 
the probe is calibrated. To obtain absolute values from the neutron probe it must be calibrated for 
each sampling depth to take account of variations in chemistry and bulk density. 
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5.3 Sol I Water Energy 
It is evident from the preceding section that the determination of sol I water content alone does 
not explain how water is retained or redistributed within the soil profile. To be able to explain 
this phenomenon a knowledge of the energy status of the soil water at any point within the profile 
is required. Soil water like all other natural bodies contains energy in two forms, kinetic and 
potential. Kinetic energy is usually considered negligible due to the slow movement of water 
within the soil. On the other hand the potential energy of soil water, by virtue of its condition and 
position within the soil profile is important (Hillel, 1971 ). This energy status of the soil water 
system has been shown to exert a direct influence over two other sol 1 water variables, the 
infiltration capacity and hydraulic conductivity (Childs, 1969). Water moves along potential 
gradients that develop within the soil profile between regions of high energy to those of low 
energy (R!chards, 1955, 1965a) in pursuit of a state of equilibrium. However it should be 
recognised that soils are anisotropic due to horizon development and may not necessarily show 
bulk water movement in the direction of maximum potential (Miller, 1973). 
A number of forces that act upon the soil water to create this potential have been recognised and 
are well documented <Buckingham, 1907; Gardner et al., 1922; Gardner, 1965; .Richards, 1949, 
1965al. The total potential of soil water is the sum of these separate forces and is expressed as: 
where 
Equation 5.4 
¥t= total water potential 
¥g= gravitational potential dependent on relative elevation 
¥m= matric potential, attract ion of soi I matrix to water 
below saturation 
¥o= osmotic potential, presence of solutes in soil water 
that affect plant soil interactions. 
Water is retained in the soil profile by the attractive forces of the solid soil particles and the 
potential that will develop for a given water content will depend on the pore size distribution of 
the soil matrix (Childs, 1969). This water is held within inter and intra pedal pores at different 
matrlc potentials. This relationship is termed the soil water characteristic (Scholf!eld, 1938; 
Childs, 1940a) and is unique for the structure and texture of the soil in question. 
In studies of soil water movement and drainage it is the large interpedal (structural) pores that 
are of interest, particularly those that release water under the influence of gravity. The 
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movement of water within a profile is commonly thought to cease once potentia Is in excess of 
0.005 MPa have developed1 ('llthough field observations show that drainage ceases between 0.003 
to 0.007 MPa for well drained soils (Webster and Beckett, 1967). A number of soli physical 
parameters contribute to this pore size distribution (Hall et al., 1977) and will vary throughout 
the soil profile. Any changes in these structural parameters will affect the pore size distribution 
and consequently alter the soil water characteristic (Hambl in, 1982). 
Loosening operations carried out in September 1986 were designed to alter the pre-loosened 
structures described in Section 2.3 and a full account of drainagE> treatments is given in Chapter 
3, with bulk density values before and after loosening presented in Table 3.2. The reduction in 
bulk density will lead to a change in pore size distribution and consequently the soil water 
characteristic. A number of techniques are available for determining soil water potentials that 
develop and have been discussed in detail (for example Richards, 1949, 1965a; Richards, 1965b; 
Curtls and Trudglll, 1974; Wilkinson, 1978). Methods available can be divided Into two groups, 
field or laboratory based approaches with associated advantages and disadvantages, similar to 
the case for soil water content described in the previous section. 
Soli water potential, as is the case for all soil water variables, varies both spatially, due to soil 
heterogeneity (Beckett and Webster, 1971; Warwick and Nielsen, 1980), and with time, due to 
the dynamic nature of the soil water system. Only the gravitational potential remains constant, 
.J.~,can be determined in'lmediately from the elevation of the point or measurement witl1 respect 
to an arbitrarily chosen reference level. For the purpose of this study the reference level was 
the soi I surface. To assess temporal and spatial variations in soi I water potential laboratory and 
field techniqu~were chosen. The laboratory technique involves the removal of undisturbed cores 
and equilibration on tension tables. Like the gravimetric method described In Section 5.2(1), it is 
destructive, repeated sampling destroying the site, c..lthough it will allow changes In the soil 
water characteristic induced by loosening to be quantified. Nevertheless, to assess the temporal 
changes in water potential, direct measurements are a necessity (Hillel, 1971 l, as the use of 
release curves to interpret changes in soil water content are unreliable due to the effects of 
hysteresis <Haines, 1930). These temporal variations in soil water potential were determined 
using tensiometers. The following sections describe in detai I the methods chosen. 
i) Determjnatton of Temporal Changes jn SoO Water potentjalusjng Tensiometers 
The use of the tensiometer in determining in situ matric potentials is now widely accepted and 
well documented (for example Richards, I 949; Richards, I 965b) since their initial development 
by Richards ( 1928). Essentially a tensiometer is an airtight unit consisting of a pressure 
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measuring device attached to a porous cup that is in hydraulic contact with the soil water system 
at the required depth. The unit is filled with de-aired water, initially at atmospheric pressure and 
as the soil water is generally at sub-atmospheric pressure a potential gradient develops across 
the wall of the cup. Water is then withdrawn from the tensiometer until the cup attains hydraulic 
equilibrium with the soil water. The change in hydrostatic pressure within the unit is registered 
on the pressure measuring device. once hydraulic equilibrium is achieved any changes in the soil 
matric potential due to re-wetting, drainage or plant water uptake will be registered by the 
tensiometer. 
The operating range of all tensiometers is restricted to the wet end of the water characteristic. 
Potentials at or above 0.09 MPa, which approximates to the vapour pressure or water, cause all 
the water in the unit to be suc'~ed out (Konkhe, 1 946). Most tensiometers are designed to work 
between zero and 0.065 to 0.085 MPa depending on the pressure measuring device (Webster, 
I 966; Curt is and Trudgi 11, 1 97 4l. A second I imitation that is we 11 documented (Richards, I 949; 
Klute and Gardner, 1962; Towner, 1980) is the response time of the tensiometer unit to rapidly 
changing matric potentials. This response time is dependent on the conductance of the porous cup 
and the sensitivity of the measuring device. 
Traditional pressure measurement devices such as mercury manometer and vacuum gauges have 
been described in detail (S.J.Richards, 1965; Curtis and Trudgill, 1974) and are relatively 
inexpensive. However, they require manual reading and obstruct agricultural operations. 
Recently pressure transducers have been used <e.g. Matheler et al., 1 983) which respond fast 
enough to changing potentials to allow continuous records to be made on data loggers. Although 
expensive, they do allow simultaneous readings over a large area, minimising temporal 
variations which can occur if a large number of manual tensiometers are to be read (Yeh et al., 
I 986). 
For the purpose of this study the measurement of potential profiles were required to assess the 
effect or loosening operations on the vertical redistribution of soi I water. The Webster < 1 966) 
type multi-celled tensiometers were considered to be the most appropriate because they are 
relatively inexpensive, easy to construct and, with careful maintenance, produce reliable 
readings. ThE: use of this system is well documented (Webster, I 966; Curt is and Trudgi 11, 1 974; 
Berryman et al., 1 977). 
al Construction 
Eight multi-celled units were constructed, with each unit consisting or 6 tensiometer cells or 10, 
20, 30, 40, 50 and 60 cm length, connected by 1.0 mm bore nylon tubing to 6 manometers 
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<colour coded for depth) supported on a single stake with one mercury reservoir and scale. 
Individual tensiometer cells consist or ceramic cups (3.5 cm long and 0.9 cm in diameter) which 
when connected to manometers had laboratory response times (the time taken for an instrument 
to register 63.2~ or a unit change in potential, (Richards,1949ll or 0.54 seconds. kPa-1. A 
detailed account or construction and the general arrangement or each unit is given in Appendix 3. 
b) Installation 
During the course or the study 4 multi-celled units were used on each drainage treatment. On each 
treatment two un1ts were placed at mid-drain spacing above and below the access tube units. 
with a further t'.\!O banks located at quarter drain spacing. The location of the tensiometer units 
relative to other field installations are described in Figures 4.1 and 5.1. The installation or 
tensiometer probes is well documented (for example Richards, 1965b; Webster, 1966; Curtis 
and Trudgill, 1974; Berryman et al., 1977) and was carried out under dry conditions in October· 
1986, care being taken to ensure a good hydraulic contact between the soil and cup. A poor 
contact may alter the time taken ror the pot to achieve equilibrium. This problem has been 
discussed in detail by Mull ins et al., ( 1986) with reference to portable tensiometers. If stones 
were encountered during augering, the hole was refilled and a new location chosen. 
Following the installation or the six cells the necessary pipe connections were made to the 
manometer and the mercury reservoir filled. All connections were made airtight with a water 
resistant adhesive and ~ach cell had been checked ror leaks prior to installation. Once all 
connections were secured the system was filled with de-aired water using a large hypodermic 
syringe. When the tensiometer cell was charged with water, a syr:nge fitted with a suitable bung 
was inserted in place or the priming bung. Water was then pushed through the syringe until it 
appeared on the surface of the mercury reservoir which indicated that the system was full. This 
purging of air from the system using a syringe and de-aired water is the servicing technique. 
cl Maintenance 
The simple design of the Webster ( 1966) multi-celled tensiometer allows ror easy maintenance 
and when in use, the effect or air bubbles that collect in the system can be readily observed, 
their effect on readings quickly checked and rectified. Each tensiometer once installed and primed 
w1th water will raise a mercury column to a constant height with the priming bung removed. The 
system requires servicing when this constant height is not achieved. During cold frosty weather 
instrument failure occurred due to the mercury column being broken. This was remedied by 
normal servicing. However, during an extended cold spell from January 9th to February 14th 
1987 the units consistently failed and no data was collected for this period. The freezing 
conditions caused air leaks, which were detected by imposing a tension on each unit using the 
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servicing syringe. If the height of the mercury column( ell during the test it was assumed the unit 
was no longer airtight and all JOints were checked and resealed. Apart from this one period of 
extended failure all units operated reliably. 
dl Measurjng matrjc potentials 
Matrlc potentia is for each tensiometer cup were derived by the following equation: 
¥ m = ( I 2.6 ( H - HI ) - J3 ) . P Equation 5.5 
¥m = matrlc potential In MPa, positive In waterlogged conditions 
H =mercury column height read to the nearest 0.1 cm mercury 
HI =stand check column length (cm of mercury) 
J3 =depth below datum (priming bung> to centre of porous cup <cml 
which corresponds to the gravitational potential< gl 
P = constant to convert cm of water to MP a ( 1.01 x I o-4) 
Each tensiometer was read once a week to obtain temporal variations In potential profiles that 
could be compared with the weekly changes in soil Y~ater content determined. Additional readings 
were taken at set time intervals during a rainfall event to monitor the development of potentials 
for a draining profile. 
ii) Qetermjnatjon of the soj! water characteristic using teosjoo tables 
The preceding section described the use of tensiometer for in situ observations of the ¥-e 
relationship. Unfortunately, as previously stated, this approach does not quantify the changes In 
porosity and water characteristic associated with the significant changes in bulk density reported 
in Table 2.3 following soil loosening. The structural pores that retain water between 0 and 0.02 
MP a are considered critical for soi I water movement (Velhmayer and Hendrlckson, 1931) and are 
sensitive to any changes in soli structure (Hamblin, I 981 l. To quantify these changes requires 
the soli's in situ structure to be sampled followed by laboratory determinatlons. In Section 2.3 
Tempe pressure cells were used and, although capable of operating up to 0.1 MPa tension, their 
small core (69 cm3l volume makes their use in detailed soil structure studies questionable. Hall 
et al., (I 977) recommend a core volume in excess of 200 cm3 to accommodate heterogeneous 
soi I structure. 
In order to sample a representative volume of soil it was decided to construct sand tension tables 
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developed by Stakman et al., < 1972), thus increasing the size of core that could be taken. As the 
tables are designed to operate between o to 0.01 MPa tensions it was decided to concentrate on 
this tension range, the choice of tension range supported by the fact that even in well drained 
soi Is, tensions in the surface horizon range between 0.003 - 0.007 MP a when drainage ceases 
(Webster and Beckett, 1972). Field observations reported in Chapter 7 agree closely, tensions to 
0.6 m depth ranging between 0.004 to 0.008 MP a for both loosened and unloosened soi Is when 
drainage ceases during the W.M.W.C. period. 
al Sampl inll 
Following the decision to use sand tension tables the restrictions of sample core size imposed by 
the Tempe pressure cells were removed. The choice of core size was influenced by the 
availabllity of standard Soil Survey cores (7.5 cm by 5.0 cm, 220 cm3l and corer. This system 
was designed to ensure the collection or cores in, as near as possible, an undisturbed state 
(Avery and Bascomb, 1974l. The sampling strategy implemented was intended to obtain rei iable 
estimates of soi I physical parameters in loosened and unloosened sites. Samp I ing occurred during 
the winter period when the soils were at W.M.W.C. and the pore size distribution is thought to be 
more stable with less chance of changes in sample volume on saturation. Because of the 
destructive nature of the sampling technique, sampling was restricted to eight locations per 
treatment in an attempt to reduce the damage caused on each area. The location of each sampling 
point, which is shown in Figure 5.5, was predetermined by random number table and a system of 
co-ordinates. Cores were taken at 0.05 m increments from the soil surface to 0.5 m depth. A 
total of 160 cores were taken in all. 
b) Sand teos10o table construction ana use 
I l Constryctjon 
The use and construction of sand tension tables is well documented <Stakman et al., 1972; Avery 
and Bascomb, 1974l and works on the principle that a bath filled with well packed sand particles 
of 20- lOO J.lm diameter, will stay saturated under a negative head upto 0.01 MPa ( 101.35 Pa = 
I cm of waterl. For the purpose of this study three such tables were constructed following a 
design supplied by Carter (pers. comm., 1986) and maintained at 0.00 I, 0.005 and 0.0 I MPa 
negative head using a self levelling reservoir. The saodbath arrangement is illustrated in Figure 
. ' 
5.6. 
2) Maintenance and Use 
Before use sandbaths are checked for airlocks which may affect the drainage and consequently 
the tension that can be imposed. The bath is flooded from the surface with de-aired water and 
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allowed to drain until no air bubbles are present. Once all the air is removed the self levelling 
reservoir may be adjusted to the required negative head. After saturating the cores, by standing 
in de-aired water for 48 hours, each is placed consecutively on the 0.001, 0.005, 0.01 MPa 
baths, moving on to the next as it reaches equilibrium. The samples were weighed every 24 
hours and considered to have reached equilibrium when the weight loss between consecutive 
weighings was 0.1 g or less. Following equilibration at 0.0 I MPa the samples were oven dried at 
105 °C for the determination or bulk density and porosity (Vomocil, 1965). Generally it took 10 
days to complete all the measurements on a sample, however some sub sol I samples taken from 
the unloosened site took up to two weeks. Equilibration at 0.01 MPa required 4 to 5 days as 
opposed to the 2 to 3 days required by topsoil samples. This can be attributed to higher bulk 
densities and textural changes reported in Table 2.8. 
Throughout their use the sandbaths proved rei iable. However, hand I ing or the saturated cores 
proved di rr icult, due to the poor stabi I ity of the soi Is sampled. To retain the sample wIthin the 
·core· a piece of nylon volle was secured over the base prior to saturation. This protected the 
base of the core and prevented smearing or the surface during weighing. 
When interpreting the information obtained the prob I em of variabi I ity of sol I physical parameters 
due to changes in texture and horizonation must be borne in mind. Variability of soil physical 
parameters both spatially and due to horizonation are well documented (for example Nielsen et 
al., 1 973; Warwick and Nielsen, 1981 J. Bulk density and porosity require few samples to obtain 
reliable estimated means, whilst the variability for water retention will increase with increasing 
tension. A further larger variation occurs if values are quoted for combined depths as a 
consequence of horizonation. To prevent this compounded variation all values quoted are the 
means of eight samples taken at each sampling depth. 
5.4 lnfiltratjon and Redjstrjbutjon of soil water 
Redistribution or rainfall once intercepted by the soil is controlled by the soil's physical 
condition. If the effects of soil loosening on the hydrology of the site are to be fully elucidated 
then the properties of the soil which influence soil water movement must be measured 
accurately. Three properties are of particular Importance and are influenced by the structure of 
the soil. These three properties are soil water potential, which has been discussed In the previous 
section and has a direct influence on the other two, namely infiltration and hydraulic conductivity 
(Childs, 1969; Hillel, 1971, 1980; Miller, 1973; Bouma and Anderson, 1973; Knapp, 1978; 
Bouma et al., 1982). The soil water potential is dependent on water content (Gardner, 1920), 
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with water redistributing itself throughout a profile in response to potential gradients that 
develop, towards an equi I ibrium condition or zero matric potential gradient. water movement 
occurs in direct response to potential gradients that develop when the equilibrium or the system 
is unbalanced by an input of water. 
i) lnflltratjon 
Infiltration is the term applied to the process or water entry into the soli and plays an important 
role in determining the water balance of a site by partitioning rainfall between soil water gain and 
overland flow. lt was Horton ( 1933, I 940), who first showed that the rate of infiltration was 
not constant but declined asymptotically with time to assume a final minimal value for fine soils. 
This movement or water within the soil mass is in response to 'l'g and 'I'm <Baver, 1937), initial 
infiltration rates being high due to high ¥m. At saturation water enters only under the influence 
of 'f'g which is constant and results in a constant rate or infiltration. This relationship was 
effectively developed by Phi lip ( 1957) in terms or the following equation: 
f = A • st-0.5 Equation 5.6 
where f =infiltration rate at timet 
A,B =constants whicb can be solved by the following simultaneous equations: 
fot 1-o.s- f 1 to-0.5 
A= ------- Equation 5.7 
t 1-0.5 - to-0.5 
where fo =initial infiltration rate at time to 
f I =final infiltration rate at timet I 
f 1 - ro 
B= Equation 5.8 
t 1-0.5 - t 0-0.5 
A= transmission constant, a function of soil structure 
B = diffusion term 
Thus at the beginning of any rainstorm the initial infiltration rate of any soil will depend on its 
antecedent soil water conditions, the wetter the soil the lower the initial rate. Water enters the 
soi I as rapidly as it can be transmitted down the profile. Horton (I 940) observed that when 
rainfall exceeds the infiltration rate overland flow can occur. The process of infiltration is by far 
the commonest process of soil water gain and has been comprehensively reviewed (for example 
Phi 1 ip, 1 969; Hi llel, I 971; Dun in, 1 976). For the purpose of this study reference w i 11 be made to 
the infiltration r<tte defined as the volume flux or water flowing into a profile per unit surface 
area. 
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al Measurement of jo(jltratjoo 
Measurement of infiltration rate is important in determining the maximum rate at which the soil 
surface can accept rainfall without poDding or runoff. Most methods favour indirect approaches 
that give comparative rather than absolute values <Duoio, I 976). Standard procedures are 
described io detail by Bertraod (1965), Hillel (1971) and Wilkiosoo (1978) with the field 
measurement of infiltration usually undertaken by poodiog water within a metal or plastic 
cylinder, termed an iofiltrometer. that has been driven into the soil. The changing pattern of 
infiltration with time is obtained by monitoring the change in supply rate to the surface. Between 
6 to 15 replicates (Burgy and Luthio, 1957; Slater, 1957) are required to account ror spatially 
variability or the par'!meter. 
Single and double ring iofiltrometers are commonly used, measurements of infiltration rate 
normally being carried out in the winter period when the soil is close to W.M.W.C., as saturated 
soils are less prone to changes in pore size distribution than unsaturated soils on wetting. The 
double ring method is preferred to the single, because as Young (I 972) pointed out, the values 
obtained by a single ring must be interpreted with caution as water moves both laterally as well 
as vertically. Whilst the outer ring acts as a buffer and ensures the vertically movement or 
water, the depth or poodiog must be constant in both rings for reliable determinatioos (Bower, 
1 963). A further problem is that the technique is time consuming and requires large volumes or 
water. Bearing In mind the associated problems of each technique it was decided to use a 28 cm 
diameter single ring iofiltrometer described by Duoio ( 1 976). The constant head device combined 
with a graduated column allowed easy measurement or water intake with time. The iofiltrometer 
is illustrated in Figure 5.7. To overcome the problem of lateral flow the ring was driven I 0.0 cm 
Into the soil and the early infiltration properties were measured, it being assumed that only one 
rather than three-dimensional flow occurred <Talsma, 1969). Analysis or the observations was 
performed by using Philips Equations (Equations 5.6 to 5.8) to produce plots of cumulative 
infiltration against the square root of time. For the purpose of this study measurements were 
made at mid and quarter drain spaclngs. Twelve measurements were made for each treatment, 
the location or each measurement relative to the drainage system is illustrated in Figure 5.5. 
iil Hydraulic ConductivitY 
Following infiltration redistribution of water within a soil profile occurs over time in response to 
potential gradients, towards an equilibrium condition. This ability or a soil to transmit water is 
defined by its hydraulic conductivity (Kl, which Is a function or water content and potential. The 
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theoretical concepts and practical application or soil water movement have been discussed at 
great length (for example, Childs, 1969; Hillel, 1971, 1980a,b). The K of a soil decreases by an 
order of 3 to 5 magnitudes for a small reduction of volumetric water content and increase in 
matric potential (Childs, I 969; De Jong, 1 966). Water movement within a profile is considered 
negligible once matric potentials greater than 0.005 MPa have developed (Webster and Beckett, 
I 972; Thomasson, I 975), which by convention Is attributed to the drainage of macropores 
approximately greater than 60 ~m in diameter (Braver,! 964). Thus, as the soil dries out and the 
remaining water is held in pores that drain at tensions greater than 0.005 MPa the total 
conductive volume of the soil mass becomes less. the interconnecting pathways fewer and more 
tortuous. Continuity of pathways rather than size or conducting pores Is the important 
contributory ractor in the dynamic process of soi I water movement (Bouma,l 981 ). 
The volume of water passing through unit cross-section area per unit time, is related to the 
potential gradient and can be determined by laws originally developed by Darcy ( 1856). Although 
valid ror only non turbulent flow through an isotropic porous medium it is possible to estimate the 
velocity or water through a volume of soil using this law (Childs and Collis-George, 1950). 
where 
0= A K....::J:L 
t:.Z 
Equation 5.9 
0= waterflow per unit time 
t =time of floi'N 
A= cross section of soil volume in direction or flow 
K =hydraulic conductivity 
t:.H =hydraulic head 
t:.Z =thickness or soil volume in direction or flow 
When using this equation it must be borne in mind that soils are not simply a collection or smooth, 
straight tubes or a known radius but are heterogeneous (Hillel, I 971 ). Pore size distribution 
varies both spatially and vertically due to texture and structural development (Nemec, I 976). 
Hence the actual flow patterns and geometry are complex, and for simplicity the conducting body 
or the soil is treated as though it is a uniform medium with its flow spread across the whole 
medium (Hillel, 1971 ). For a saturated soil, K is constant and termed the saturated hydraulic 
conductivity (Ksat>, a useful parameter with which to describe a soil, although no account or the 
flow or water occurring in unsaturated soils is taken. Redistribution processes following 
infiltration initially involve unsaturated flow (Warkentin, 1971). Howeve~ Childs and 
Coli is-George (I 950) have shown that Darcy·s Law ( 1856) is still applicable if the driving force 
ror flow is the soil wate~tential and hydraulic conductivity ror unsaturated (Kunsat) for the 
soil in question is no longer constant: 
V = - K(0 )-..d...h._ 
c\Z 
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Equation 5.10 
V= water flux per unit area of material 
K =unsaturated hydraulic conductivity at water content 0 
¥t..= soil wate~\ential 
d Z = distance 
From the above it may be deduced that K is a function or the soil water characteristic (Miller, 
1973), which is constant under saturated conditions but for unsaturated conditions will vary 
with the ¥-0 re I at ionship. Any significant changes to sol 1 structure (Hamb I in, 1 981 J w i 11 lead 
to an alteration of this characteristic and consequently the redistribution process within a profile 
(Unger, 1970; Allamaris et al., 1967; Ghassem1 and Prasher, 1985). The role of macropores in 
the soi I water flow process has been reviewed by Thomas and Phi 1 ips ( 1 979) and Beven and 
German ( 1980 ,1982) and it has been shown that cultivation practices can reduce the volume of 
macropores present in a layer and consequently reduce its hydraulic conductivity (Ehlers, 1976; 
Goss et al., I 984). The artificial creation of macropores has been shown to affect the water 
characteristics <Ark in and Taylor, 1981 J of a profile, causing temporary storage and enhanced 
redistribution of water t.o a drainage scheme (Leeds-Harrison et al., I 982). 
iii) Oetermjnation of Hydraulic Conductiyjty 
Methods available for the determination of K for both saturated and unsaturated conditions can be 
divided into two groups, those carried out in situ In the field and those in the laboratory. Field 
methods for Ksat are reviewed by Luthin (I 957), Talsma (I 960) and Boersma (I 965a,bl while 
Young ( 1 964) and Hi lie! and Gardner (I 970) present methods for Kunsat. Reviews of laboratory 
methods of Ksat are made by Reeve (I 957 ), Klute ( 1965al, while K lute (I 965bl reviewed 
Kunsat. More recent reviews by Bouwer and Jackson (I 974) and Bouma ( 1 983) compare the 
development of K determination. 
Regardless of technique. as with the determination of any soil water variable, determination of K 
is affected by the heterogeneity of soil structure. Values of K that occur within a ·uniform· soil 
mass have been shown to approximate a log-normal distribution and to range over several orders 
of magnitude (Mason et al., I 957; Baker and Bouma. I 976; Warwick and Nielsen. 1 980). Large 
numbers of samples are required to characterise such a distribution within any meaningful 
statistical limit. This variation can be reduced by sampling an optimal representative elemental 
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volume (REV) <Bouma, 1 983). Although this can be achieved by increasing the diameter or cores 
taken for laboratory determination, removal of the core will create a hydrological discontinuity 
and the act or coring may disturb the soil structure being sampled (Whipkey and Kirkby, 1 978). 
Whi 1st field methods sample a large volume of soi 1 with minimal disturbance and yield values of K 
which are a combination of both vertical and horizontal, the horizontal component is thought to be 
the most important in the view of drainage (Luthin, 1957). Even though cores only measure Kin 
one direction depending on their orientation, samples can be taken at precise layers. Once in the 
laboratory, repeated measurements can be made on each individual core under controlled 
conditions. In contrast, field techniques can be time consuming in the case of Kunsat or can only 
be carried out below the water table for short periods of the year for Ksat (Bouwer and 
Jackson, 1974). 
For the purposes or this study the aim was to assess what effect soi I loosening operations had 
upon the redistribution process within the soil profile. To meet this aim it was decided to measure 
Ksat both in the field and laboratory and Kunsat only in the laboratory. The following sections 
outlme the techniques used. 
a) Field Determination of Ksat 
Following the observation of free water in pits excavated on the experimental site it was 
decided to use the single auger hole technique outlined by Van Beers ( 1963), with theoretical 
consideration made by Boast and Kirkham (1971 ). Bearing in mind the variations inK within a 
field, this is by far the simplest technique and If smearing is prevented (Smitham, 1 970) it can 
' be expected that an error or less than 20% will arise if all boundary conditions are met (Boast 
and Kirkham, I 971 ). 
·,~ c),;,c..,~~ .... 
In this study the holes were 8.0 Crl)t which meet the conditions given by Boast and 
Kirkham( 1971 ). Augering occurred under dry conditions in early October 1986 to a depth of 70 
cm. From experience it was found that holes excavated deeper had a tendency to 1 ie in weathered 
slate and prove inoperable, the slate acting as a sink and leaving the holes dry. Following 
augering the hole was lined with perforated plastic pipe due to the unstable nature or the subsoil. 
Experience showed that if unlined the subsoil slumped into the auger hole. 
To measure Ksat, water was pumped out of the hole and the rate it flowed back in measured, until 
the hole was quarter full. The hydraulic conductivity was determined by applying a standard 
formula for a hole with an impermeable layer at its bottom (Berryman et al., 1 974; Luthin, 
1 957) when all the boundary conditions are met. 
where 
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Ksat = 3 600 rZ:...~fl...,d..__ _ _ Equation 5. 1 t 
<D • I Or) (2 - _Q._) Adt 
D 
Ksat =combination of vertical and horizontal saturated 
hydraulic conductivity for whole profile. 
d = Distance between ground water level and the average 
level of the water in the hole at time interval t At. 
h > 0.2 H 
D depth or hole below ground water table, 
> 20 and < 200 cm 
r = radius of auger hole > 3 and< 7 cm. 
For the purposes of this study, auger holes were located at 2.0, 5.0 and I 0.0 m spacing ups lope 
or a drain. The purpose or this procedure was to see if the patterns inK values varied with 
distance from a drain. Four transects were installed on the site at Drains A, C, D and F, and their 
location is shown in Figure 4.1. 
b) I aboratory peterm jnat ion of K 
Numerous techniques are avai table for the laboratory determination of Ksat and Kunsat. Many 
techniques are limited by"the size of core used and how representative the sample is of the soil 
structure is questionable. Bouma ( 1983) states that large sample volumes are required and for a 
silty clay loam recommends a hypothetical R.E.V. of 103 to 104 cm3 and details a variety of 
methods that adequately describe the redistribution processes that occur. Many of these 
techniques are field based but for the purpose of this study a variant of the column method 
described by Bouma et al.< 1976; 1979) was used. This technique involves the removal of the 
column to the laboratory and has the advantage of allowing the determination of Ksat and Kunsat 
upon the same sample. Crust techniques (Baker, 1977; Dirksen, 1979) were used to induce low 
suctions on the core, similar to those observed by Webster and Beckett < 1972) when unsaturated 
flow ceases to make a contribution to drain discharge. The technique has been developed by the 
Dutch Soi 1 Survey Institute and is described in detai I by Reeve< 1984). 
I) Sampl jng procedure 
Wilkinson (1978) suggests a minimum of 10 cores should be taken from any plot or site to fully 
characterise the K distribution within any meaningful statistical limit. In view of the large 
number of samples required and the damage that would be caused to the site, no attempt was 
made in this study to predict mean Ksat or Kunsat. Instead vertical K was determined on three 
.. 
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samples taken, one from each or the soil types identified in Section 2 for each drainage treatment 
at the following depths, 0 to 20 cm and 20 to 40 cm. sampling locations are illustrated in Figure 
5.5. 
The cores were or rigid plastic pipe with an internal diameter or 19.2 cm with a length of 20.0 
cm and a volume or 5790 cm3. Samples were taken during or close to winter mean water content 
period when the pore size distribution is thought to be more durable with less chance or changes 
in volume on saturation (Bouma and Wosten, 1979). Prior to sampling the inside or the core was 
liberally greased to form a seal and prevent flow between the wall of the core and the soil. The 
core was then pushed into the soil, excess soli being carved away, as the core Is pushed further 
into the soil until full. 
2J Ksat Determination 
The laboratory arrangement for Ksat determinations is illustrated in Figure 5.8, and differs from 
Reeve's ( 1984) method in the use or a coarse sand with a vertical Ksat in excess or I o m.day-l 
rather than placing the core on a perforated nylon disc. This approach was chosen as it was felt 
that the weight or the core on the disc might smear the base or the core and seal conducting 
channels. The arrangement was made watertight with silicone rubber sealer and waterproof 
tape. 
Use of such large cores m~kes saturation difficult with the normal practice or vacuum saturation 
to remove entrapped air (St ibbe et al., 1970) being impracticable. In Reeve's ( 1984) technique a 
septum seal tensiometer is inserted horizontally in a hole 5.0 cm from the top or the core, and 
water ponded to a depth or 0.5 to 1.0 cm. The core is considered saturated when water issues 
from the base and the tensiometer gives a tension of 0. With only mercury manometer 
tensiometers available it was considered impracticable to locate them in the side or the core. 
Instead, an undersized hole was gouged In the centre or the core, until the centre or the porous 
cup could be pushed to a depth or 5.0 cm into the core. Bentonite clay was then used to form a 
seal around the stem of the tensiometer, to prevent preferential flow of ponded water down the 
stem. 
To ensure saturation a constant head device was used to keep water ponded to a depth of 1.0 cm 
for 24 hours. During this period a 1% solution or methanal was infiltrated through the core to 
prevent microbial activity that might lead to spurious K values (Poulovassilis, 1972). Following 
saturation, water was continuously ponded at a depth of 1.0 cm and the resulting outflow 
measured over 5 minute periods. For each core the outflow measurements were repeated until 
10 consecutive readings were obtained that did not differ by more than 10 ml. To check 
effectiveness of the saturation technique, outflow measurements were repeated 24 hours later. 
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3) Kunsat Determjnatjon (0 to 1.5 kPal 
:For saturated conditions it is the whole soil mass that contributes to flow, as all the pores were 
filled with water. If however, a slight negative head is applied to the top of the core, some of 
these pores empty and flow becomes more tortuous, concentrating in continuous pores 
(Bouma, 1981 J. This is emphasised when outflow measurements are made, as water w i 11 only 
flow from the base of the core at zero tension. All negative heads were measured 15.0 cm above 
the base of the core (see Figure 5.8). These were achieved by first spreading a 5% mortar mix 
( 15 ml Ceber Cement, 288 ml sand) on top of the soil in the core to a depth of 0.5 cm. Care was 
taken to press the mortar well down and smooth the surface against the core wall. After 30 
minutes water was again ponded on the surface and tensions were checked unt i 1 steady and the 
outflow measured as for Ksat. At this stage the average tension for the 6 cores was -0.73 kPa 
<s.e. 0. 147) . Once I 0 consecutive readings had been obtained a I 0% mortar mix was applied to 
the top of each core and left for 12 hours to harden. outflow measurements are again made with 
the average tension for the 6 cores being -1.45 KPa (s.e. 0.231 l. 
\lo."' .,, .. ,,..,""""~ 
Throughout the laboratory determinations the cores gave consistent results, although et 
al. ( 198?l found that preferential flow could occur between the cylinder wall and soil core giving 
spurious results if the core was not sealed effectively. To test this a cationic ultra violet 
sensitive dye was infiltrated into each core after the last Kunsat determination and the cores 
removed from the plastic cylinder. on examination of the cylinder and cores under ultra violet 
light little or no dye wa~ observed down the sides and it was considered a good seal had been 
achieved and confidence could be placed in the K values determined. 
Unloosened 
35m 
, 
Loosened 
35m 
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TABLE 5. 1. LINEAR REGRESS I ON EQUATIONS RELATING BULK 
DENSITY AND WATER CONTE NT FOR SAMPLES FROM OCTOBER 
1986 TO AUGUST 1987 FOR UNLOOSENED, LOOSENED AND AND 
PERMANENT GRASSLAND 
Depth Intercept Regression Coeff. 
Ccm) a b r S .E.~ 
Unloosened 0.0- 5.0 0.9 1 -0. 186 - 0.279 - 0.0388 
Unloosened 7.5 -12.5 1.12 -0.586 - 0.294 -0.0684 
Loosened 0.0 - 5.0 0.8 1 0.2 16 0.258 0 .0438 
Loosened 7.5 - 12.5 0.88 0.582 0.230 0 .805 
Control 0.0 - 5.0 0.99 0.007 0.340 0 .0919 
Control 7.5 - 12.5 0.91 0.498 0.400 0 .0494 
<Bulk density t.m -3 ) =a + b (Water contents m3 .m-3 ) 
Regre ssion of 24 samples, each sample the mean of 3 replicates. 
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PART IV 
MOD IFICATIONS OF THE SOIL PHYSICAL ENVIRONMENT DUE TO 
LOOSENING 
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CHAPTER 6 
CHANGES IN SOIL PHYSICAL PROPERTIES FOLLOWING 
LOOSENING 
6. 1 Soj I Structyre and Sol I Water Flow 
The behaviour of soil water Is directly related to pore size distribution and continuity (Anderson 
and Bouma,l 977al, ..... function of the soils structural development (Childs,l969). These 
structural arrangements for a particular soil are by no means constant and are subject to 
modification by the weather and intentionally by agricultural practices, both of which can lead to 
significant differences in water retention and hydraulic properties for both surface and 
subsurface horizons <Warkentln,1971 l. Consequently any differences observed in the hydraulic 
properties of soils with similar textures can be solely attributed to their structure (Anderson 
and Bouma,l977b; Bouma et a/ .. ,1981 l. Although structures created by agricultural tillage 
practices have been observed to be transitory in nature (Reid,1 979) compared to those of the 
subsoi I (Archer and Sm ith,l 972; Low,l 972). 
The Strutt report (1970) highlighted the structural deterioration of soils following poor, 
inadequate or untimely cultivation practices. although McGowan et al., ( 1983) have shown that a 
smeared compact layer at the interface of the plough layer and subsoil dominated by swelling 
clays can disappear within one season due to natural amelioration. Such soils, which are 
dominated by clays with the ability to shrink and swell, develop cracks on drying which lead to a 
rejuvenation of pores linking surface and subsurface horizons (Cannell et a/.,1 980). 
Unfortunately, natural amelioration of smeared compact layers does not occur so readily for non 
swelling soils, which exhibit a weak structural development and have a limited potential to shrink 
and swell <Douglas et al., 1986). This stratification or a soil profile <Douglas and Goss, 1987) in 
response to repeated tillage operations disrupts the vertical continuity of pores into the subsoil 
and is accompanied by a reduction in porosity, by as much as 50%, and thus the permeability of 
the subsoil/tilled soil interface (Musgrove and Free, 1936; Childs, 1943; Nicholson, 1953; 
Trafford and Rycroft, 1973; Greenland, 1977; unger, 1979; Douglas et al .• 1980; Bullock et a/,. 
I 985). The hydraulic resistance of the compact layer thus developed at the tilled/subsoil 
interface encourages lateral flow within the permeable overlying layer, a phenomeR,..""'observed in 
cultivated soils (Lawes et al., 1883; Childs, 1943; Nicholson, 1953) and soils with naturally 
occurring resistant layers <Ouisenberry and Phi 11 ips, 1 978; New man and Thomasson, 1 979; 
Beven and German, I 982). 
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For field drainage to be successful a knowledg~ubsoil structures is of importance <Steinhardt 
and Trafford, 1974), especially if the lower part of the cultivation layer and subsoil do not share 
the same hydraulic properties as the cultivated topsoil (Kutilek et a/.,1976). Less permeable 
layers dramatically affect flow conditions within the subsoil and reduce the efficiency of pipe 
drainage schemes <Sme~a and Rycroft, 1984). To improve the connectivity between the surface 
and subsurface horizons, subsoi I loosening has been used to create new structures by reducing 
the dry bulk density and increasing the porosity of these more dense layers. Previous work has 
shown that any changes in structure brought about by profile modification will result in changes 
in the pore size distribution, water retention and redistribution of water between the surface and 
subsurface horizons ( Musick and Duseck, 1975; Unger et a/.,1981; Ghassemi and Prasher, 1985; 
Muckhtar et al., 1985). The following sections report the changes in soil physical characteristics 
following the loosening of a silty clay loam. 
6.2 Changes jn pry Bulk pensj ty porosity and Water Retention 
il pry Bylk pensjty 
The effect of soil loosening operations carried out in September 1986, when the soil water deficit 
was 49 mm, resulted in a significant reduction in dry bulk density to 0.4 m depth. This effect Is 
shown graphically in Figure 6.1. The surface horizons of both loosened and unloosened plots were 
ploughed and secondary cultivated prior to the sowing or winter wheat and subsequently show no 
significant difference. However, superimposed on the general trend or increasing dry bulk density 
~ ... ~ ... \:'-. 
with depth is the significant effect (si g. level< o.oo 1 l or deep loosening A the subsoil, 
especially between 0.2 and 0.4 m. Typically the loosened subsoi 1 (0.2 to 0.4 m depth) had a dry 
bulk density or 0.973 (s.e. 0.041) t.m-3, compared to 1.085 (s.e 0.025J t.m-3 for the 
unloosened subsoil. This is equivalent to a percentage reduction in dry bulk density In response to 
loosening or I 0.3%, which is similar to values of 9% observed by Soane et al. ( 1987) for a silty 
clay loam or the Terrington series after loosening with rigid tines to 0.45 m depth. Other authors 
working on soils or different textures have reported reductions in the range of 5 to 7% (Douglas 
et al., 1980; Kooistra et al., 1984). 
The slightly higher values of dry bulk density reported throughout the profile in Table 3.1 
immediately after loosening are possible due to the use of a smaller sample size and different 
sampling technique that may cause some compact ion and distortion of samples w·connell, 1975J. 
~"-"'-However, disregarding this effect it can still be seen that loosening had a significan~(sig. 
level < 0.00 I J to 0.4 m depth. The values for the top 0.2 m prior to ploughing also show a 
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significant (slg. level< 0.001 l reduction which was lost with ploughing and seedbed cultivation. 
What Is or interest is the percentage reduction In dry bulk density of 18.9!11; for the 0.2- 0.4 m 
zone. The cultivations that occurred after soil loosening operations caused some recompaction of 
the loosened plots which in turn reduced the effect of loosening on dry bulk density. To reduce 
this recompactlon effect Soane et al.< 1987) suggest deep loosening should occur after ploughing 
and subsequent wheelings should be controlled. 
i il pore So ace and Air Capacjty 
The reduction in dry bulk density following profile modification is Insufficient in isolation to 
account for changes In the soil structure (Douglas and Goss. 1987). Concomitant with a reduction 
in dry bulk density will be an increase in total porosity and a change in pore size distribution, 
which wi 11 dram at lcally change the fluid transmission properties of the modi r ied soi 1 structure. A 
great deal of work has been carried out upon the shattering and loosening of surface soi Is by 
conventional tillage (ploughing and chiselling), for example: Ehlers, 1976; Douglas et al., 1980; 
A llamaris et al., 1982; Bullock et al., 1985; Chaney et al., 1985; Muckhtar et al., 1985. Many of 
these studies compare cultivations against minimum tillage (direct dri 11 ingl and report significant 
increases In dry bulk density for the subsoil immediately below the cultivated layer. Bouma and 
Hole< 1971 l have reported a 13.8!11; increase in subsoil dry bulk density following the cultivation 
of a previously undisturbed soil. This results in a reduced porosity and air capacity leading to 
impeded water movement, either through the loss of transmission pores (those larger than 60 11m 
equivalent diameter (Greenland, 1977ll or the creation of pore discontinuity due to smearing 
action of the tillage implement (Ouisenberry and Phillips, 1978). 
The significant reductions in dry bulk density described earlier are accompanied by significant 
changes (slg. level< 0.05) in total pore space and air capacity for each sampling depth. These are 
reported in Table 6.1, with summaries for cultivated and subsoil horizons presented in Table 6.2. 
From Table 6.1, it can be seen clearly that the errect or subsoi 1 loosening on total porosity and on 
air capacity are not always in accord. For, example there is no statistical difference between 
total porositles ror 0.10 to 0.15 and 0.15 to 0.20 m depth, yet there is a significant (sig. level< 
0.05) difference between the air capacities for the loosened and unloosened plots, (0. 184 and 
0.173 m3.m-3 against 0.133 and 0.135 m3.m-3 respectively J. These differences possibly arise 
because loosening increases the volume or pores that will drain at 5 kPa which is reflected in the 
significant (sig. level< 0.05) retention or more water at these depths in the unloosened profile. 
The most significant differences in pore space (si g. level< 0.0 I l, air capacity (si g. level < 0.001 l 
and water retention (si g. level< 0.001 l occur at the 0.20 to 0.25 m depth, the air capacity or the 
loosened soli accounting ror 76!11; or the total pore space at this depth against 367o In the 
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unloosened profile. This Indicates a 100% Increase in pores that will drain under gravity 
following loosening, as well as the reduction in air capacity for the unloosened soil occurring at 
the interface between the cultivated topsoil and the subsoil. When compared to the cultivated 
layer above (0.15 to 0.20 m depth) it can be observed that tillage operations have resulted in a 
50% reduction In air capacity at 0.20 to 0.25 m depth in the unloosened profile. Similar results 
have been observed in conventional cultivation studies, with both Douglas et al. ( 1980) and 
Bullock et al. ( 1985) reporting that tillage causes a 50% reduction in air capacity immediately 
below the plough layer. They term this zone a 'plough pan·, and by virtue of its low air capacity it 
will have a high hydraulic resistance which retards the redistribution or water to depth within 
the profile. Conversely, for a sandy clay loam Kooistra et al. ( 1984) report a 75% reduction in 
air capacity at this interface. This greater reduction can be attributed to the coarse grained 
texture or the sandy soil (Warkentin, 1971 l compared to the silty clays studied here. 
On examination of Table 6.2a it Is evident that loosening had a significant effect on both the total 
pore space Csig. level< 0.05) and air capacity Csig. level < 0.05) to 0.4 m depth. If this data is 
then subdivided arbitrarily into surface (0.0- 0.2 ml and subsurface (0.2- 0.4 ml horizons it 
can be seen from Tables 6.2b and 6.2c respectively that the cultivated layers of loosened and 
unloosened profiles are not statistically different rrom each other, whilst the subsoils are. The 
presentation of the data in this way allows comparison with Table 6.1 and emphasises the point 
that to detect changes in soli structure the profile must be examined in detail by sampling at 
incremental depths. The use of statistical averages for each arbitrary horizon does not show the 
reduced air capacity and changes in total pore space with depth that accompany profile 
modification. 
I i il praioable pore Space 
A knowledge of the drainable pore space of a profile is important in understanding the 
redistribution processes that occur within that profile. Volumes of drainable pores at I, 5 and 10 
kPa suction to 0.5 m depth are illustrated in Figure 6.2 for both loosened and unloosened profiles. 
lt is generally recognised that it is pores that drain at 5 kPa tension, or less, that influence the 
flow of water within a profile (Webster and Beckett, 1972), their continuity being or greater 
importance than their volume (Thomas and Phi I ips, 1979; Bouma, 1981; Beven and Germ ann, 
1982). Although Figure 6.2 clearly shows the influence of loosening on the pore size distribution, 
no comments can be made on pore continuity. 
The affects of conventional tillage and minimum tillage on soil structure and the resulting 
drainable porosities has received a lot of attention and agree that the cultivation of a surface 
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horizon results in a greater Increase tn total porosity and air capaclty/drainable pore space than 
that seen in undisturbed soils (Douglas et al., 1980; Bullock et al., 1983; Chaney et al., 1985). 
The observed values converge with depth, and are accompanied by a decrease in poros1ty and 
drainable pore space at the interface of the tilled and unttlled soli. In a more detailed study Ehlers 
( 1976) demonstrated that it was pores with an equivalent diameter of >300 !!m that drain at I 
kPa which were most affected by tillage. The volume of these pores increased in the cultivated 
layer and were reduced immediately below, forming a layer of low permeability. The effects of 
such les§..l*rmeable layers have been Identified as causing the poor redistribution of water to 
depth in the profile, thus preventing or slowing the rate of subsoil wetting (Unger et al., 1981; 
Bouma, 1981; Allamaris et al., 1982; Ghassemi and Prasher, 1985; Muckhtar et al., 1985; 
Douglas et al., 1986; Douglas and Goss, 1987). 
Similar patterns to those described above can be discerned in Figure 6.2. Of particular note is the 
significant increase (sig. level < 0.05) in the volume of pores that drain at I kPa in the loosened 
sol 1, whereas in the unloosened soi Is the volume of pores that drain at I kPa rapidly decline below 
0.1 m depth, with a minimum volume of 0.025 m3.m-3 in comparison to 0.132 m3.m-3 for the 
loosened soil at 0.20 to 0.25 m depth. Typically the pores that drain at 1 kPa account for 70 to 
80% of the air capac1ty in both loosened and unloosened sites. At 0.20 to 0.25 m depth this was 
reduced to 39% for the unloosened soil, and the effects of this reduction will become more 
apparent in the following sections when redistribution processes are discussed. 
The increase in drainable volume when the tensions were increased from I to 5 kPa accounted for 
20 to 30% of the dratnable pore space and from Table 6.2 it may be-observed that there were no 
significant differences for the cultivated layer. although loosening had a significant effect (stg. 
level< 0.05) in the subsoil. The increase in drainable pore space from 5 to 10 I<Pa for unloosened 
and loosened soils accounted for I or 2% of the total pore space. No statistical differences were 
observed. This volumetric increase in pore space agrees with values reported by Reeve et al. 
( 1973) for sllty soils and suggest that loosening operations carried out caused a significant 
increase in transmission pores(> 60 !Jml, particularly those draining at 1 kPa (> 300!-lml. 
iv) Soli Water Characteristic 
The influence of soil loosening on the water release characteristic after subsequent cultivation 
during the winter period when the soil is at winter mean water content Is summarised in Figure 
6.3. In the loosened soil drainable porosity at I kPa and air capacity appear quite uniform with 
depth from 0 to 0.4 m. In contrast, repeated ploughing of the unloosened site has dramatically 
reduced the uniformity of pore size distribution and water retention. This is particularly notable 
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at 0.20 to 0.25 m where the volume of pores draining at 1 kPa is significantly reduced (sig. 
level<O.OOI) to 0.025 m3.m-3 compared with 0.132 m3.m-3 for the loosened soil at an 
equivalent depth. In addition, the compact ion that has caused the reduction In coarse pores has led 
to an increase in the volume of pores that retain water above 5 kPa tension, which coincides with 
soli water characteristics determined for Profiles 2 and 3 immediately below the Ap horizon in 
Chapter 2. From the preceding sections it can be confidently stated that loosening operations had 
significant effects on structure and porosities immediately below the plough layer. This 
conclusion agrees with the stated aims of subsoil modification (Muckhtar et al., 1985), that 
aeration and water retention characteristics have been changed, but allows no quantitative 
comments to be made upon the hydraulic behaviour of these soils and the redistribution processes 
that re suit (Kut i I ek et al., 1976; Unger et al., 1981; Heard et al., 1987). 
6.3 Changes jn Hvdrauljc Condyctjyjty 
illhe Effects of Cyltiyation on Soil Water Flow 
Artificial drainage and agricultural tillage practices affect the natural drainage processes of a 
soil. In the case of many heavy soils with slowly permeable subsoils, the action of cultivation can 
lead to a hydraulic resistant layer that w i 11 alter water redistribution processes, which in turn 
will influence the degree of wetting within the subsoil (fhlers, 1976). Kutilek et al. (1976) 
observed that the poor permeability of the tilled/subsoil interface resulted in the subsoil playing 
little or no part in the redistribution of drainage water to the drains. The objective of any 
operation aimed at disrupting this impermeable layer is the creation of new pores and fissures 
that will facilitate aeration and the rapid redistribution of water to depth. Such loosening 
operations are known to affect the soil water redistribution and storage within the profile by 
creating pores, whose continuity and size distribution control the degree to which the 
aforementioned effects will be attained (Unger, 1979; Unger et al., 1981; Herve, 1981; Spoor 
and Godwin, 1984; Ghassemi and Prasher, 1985; Leeds-Harrison and Jarvis, 1986). 
i i) vertjcal Hydraul jc Conductjyjty for Satyrated and Upsatqrated Copdjtjops 
it has been recognised for a considerable time and is shown io this study that soil management 
will induce structural changes within the disturbed zone of a soil. These structural changes in 
turn affect total porosity, pore size distribution and pore continuity, which together influence the 
hydraulic conductivity of a soil profile. This has been seen to result in cultivated layers having 
vertical hydraulic conductivities of several magnitudes above that of the underlying horizon 
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(Young, 1976) and lt Is widely accepted that traditional cultivations can induce a slowly 
permeable layer immediately below the cultivated zone <Bouma and Hole, 1971; Bouma et al., 
1975; Ehler, 1976; Young, 1 977; Douglas et al., 1980; Ghassemi and Prasher, 1985; Douglas and 
Goss, 1987). The range or vertical hydraulic conductivities (Kvl for loosened and unloosened 
plots under saturated and unsaturated conditions i,, described in In Table 6.3 for 0.0 to 0.20 and 
0.20 to 0.40 m depths. lt should be emphasised that only the ranges are presented to give an 
indication of flow regimes that occur for loosened and unloosened conditions because only 3 
samples were taken from each plot and mean values would have large standard errors. 
a> Saturated Condjtjons · <KySatl 
From Table 6.3 the effects of continuous cultivations at the same depth can be clearly seen for 
cores taken from the unloosened plots. The subsoil immediately below the plough layer has a much 
reduced KvSat compared to the cultivated horizon, 0.10- 0.50 m. day- I against 0.60- 2.80 m. 
day- I . In contrast, the effects or creating new pores in the 0.20 - 0.40 m zone by loosening 
(Section 6.2) are clearly responsible for the increased KvSat, ( 1.75- 4.40 m. day- I>. Although 
no mean values were calculated, it is interesting to note that the increased range or KvSat also 
occurs in the 0.0 to 0.20 m zone or the loosened soil, 2.80 - 7.60 m.day-1 against 0.60 - 2.80 
m.day-1 in the unloosened. However, as both sites received the same tillage practices for 
seedbed establishment, it is difficult to state possible reasons for this range difference 
confidently. lt may be assumed that the lower values or KvSat observed for the unloosened site 
are due to a reduction in drainable pore space below 0.1 m depth, which is clearly shown in Figure 
6.2, and an associated loss or pore continuity. 
Similar changes in KvSat have been observed by many authors working on soil structural 
responses to cultivations and their effects on the soil water redistribution process. Following the 
long term cultivation or a silty clay, Bouma et al. (1975) observed that the KvSat or a plough pan 
was only 22% or the values obtained for a similar unpanned soil at the same depth, whilst Ehlers 
( 1976) quoted values of 0.70 m. day- I for a dense layer against 2.60 m.day-1 for the rest or the 
profile. 
b) Unsaturated Condjtjons CKvUnsatl 
For saturated conditions it is the whole soli mass that contributes to flow, as all of the pores 
are filled with water. If however, a slight negative head is applied to the top of the core, some of 
these pores empty and flow becomes more tortuous, concentrating in continuous pores <Bouma, 
1981 l. This is emphasised when outflow measurements are made, as water wi 11 only flow from 
the base of the core at zero tension. The negative heads imposed by crusting techniques were 
measured 15.0 cm above the base or the core. The tensions imposed on the cores were 0.75 kPa 
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and 1.5 kPa, which by convention correspond to equivalent pore size diameters of >390 ~m and> 
197 ~m respectively. lt can be clearly seen from Table 6.3 that the imposition of these tensions 
has dramatic effects on KvUnsat, especially for the soils that have not undergone any structural 
modification by loosening. 
The ranges of KvUnsat for the loosened topsoil and subsoil horizons reported in Table 6.3 suggest 
a greater continuity of coarse pores that transmit water rapidly down the profile. The reduction 
in KvUnsat for the unloosened so11 reflects the reduction in drainable pore space between 0.10 m 
to 0.25 m which is shown in Figures 6.2 and 6.3. At 1.5 kPa when all pores > 197 ~m equivalent 
pore size diameter are drained, the range of KvUnsat for 0.20 to 0.40 m zone is 0 - 0.03 
m.day-1 and 0.10 - 0.45 m.day-1 for the unloosened and loosened subsoi Is respectively. 
The relationships between the hydraulic conductivity (Kvl and matric potential (¥ml for loosened 
and unloosened soils is shown in Figure 6.4. lt must be stressed again that no attempt was made 
to obtain a mean value for each treatment but the curves depicted in Figure 6.4 suggest a definite 
shift in Kv versus ¥m curves in favour of the loosened soils. A similar response was noted by 
Ghassemi and Prasher ( 1985) following subsoillng experiments carried out on a silty loam. The 
shift in the curves suggests a change in the re tent ion properties of the profile and a greater 
continuity of pores. 
iii) Vertjcal Contjnyity of pores 
In studies of water redistribution in a silty clay loam Bouma < 1977) measured Kv values for soil 
columns attached to the underlying soi I horizon and then again for the detached column. The 
different Kv values obtained for attached columns gives an indication of pore continuity, whilst 
Kv values for detached columns are Indicative of the transmission properties of that horizon. 
Further studies have traced pore continuity using radioactive labelling of infiltrated water 
(Douglas and Goss, 1980), dye staining and mlcromorphometric analysis (Bouma, 1982). lt was 
thought relevant to this study to obtain some quantitative assessment of pore continuity to depth. 
Two undisturbed columns of soil 0.5 m long and 0.2 m in diameter were taken, one from a 
loosened site and one from an unloosened plot. The columns were carved out and a well greased 
plastic cylinder was pushed down over each column in situ at 0.05 m increments. The sampling 
took place when the soil was at winter mean water content. on removal to the laboratory, the 
columns were attached to the stands used in Kv measurements described in Figure 5.8. A length 
of flexible rubber hose was then attached to the outfall of each stand which was attached in turn 
to a constant head device placed level with the top of each core. The cores were wetted from the 
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surface downwards by ponding water at depth or 1.0 cm on the soil surface. This was continued 
until the level in the constant head devtce was equal to the depth or ponded water. To ensure 
saturation, the cores were left for a week in this condition, with a plastic film placed over the 
top or each core to reduce evaporat ton. 
Following saturation, which was achieved after one week, the constant head device was lowered 
to 0.25 m below the base or the core, a depth equivalent to the depth or the drain tn the field. This 
would Impose a tension or approximately 7.5 kPa at the surface or the core and 2.5 kPa at the 
base or the core. The outflow from the core was collected and the total discharge recorded after 
I, 2 and 7 days. lt was Intended to repeat the trial and calculate the specific yields and Kv for 
incremental drops in head following a method outlined by Leeds-Harrison et al. ( 1 986). 
Unfortunately however the cores were disturbed following the first run and no further runs could 
be made. 
Although only one set or measurements could be made per core and no rep I icates were taken, 
which makes conclusions tentative, characteristics and drainable porosities for each core are 
presented in Table 6.4. Dry bulk densities and porosity were calculated for the whole core using 
an average particle density of 2.65 t.m-3 Total porosities for loosened and unloosened cores are 
0.642 m3.m-3 and 0.628 m3m-3 respectively. A point or interest is that the increase In total 
porosity of 0.014 m3.m-3 is the same as the differences between the statistical means presented 
in Table 6.2a. In brief, the drainable porosities or specific yields after 1 day are 0.0707 and 
0.0325 m3m-3 for loosened and unloosened plots respectively. This suggests a greater 
continuity of transmission pores to 0.5 m depth for the loosened soil and is in agreement with the 
measured Kv values. The increase in yield after 7 days was 0.0721 m3m-3 for the loosened 
column and 0.0383 m3m-3 for the unloosened column, implying that water moves more slowly 
to depth in the unloosened plots in pores finer than those found in the loosened soil. 
6.4 lnflltratjon and Redjstrjbqtjon or Water Wjthjn a pjstqrbed profjle 
i l lnfj ltratjon at Wjnter Mean Water Content 
For the initial stages of infiltration when matric suctions are relatively high the sorptivity of a 
soil is also high (Philip,l 969; Chong and Green, I 983). During this wetting phase, water is 
physically drawn into the soi I unti I the saturation point is reached. Once this has occurred, soi 1 
water redistribution processes are controlled by rainfall intensity and other soil properties, 
such as pore size distribution and continuity, which influence the hydraulic conductivity and hence 
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the redistribution of water within a profile. For uniform soils, infiltration conforms to the law of 
Phi lip ( 1969), although any discontinuity within a profile can have significant effects upon the 
rates of 1nflltrat Ion and redistribution (MIIler,I973J. 
When soil surface horizons are modified by cultivation, the macroporosity is increased and the 
ped surface area, which is v1tal to absorption, Is enlarged significantly. This results In an 
increase in the initial infiltration rates far in excess of those of a uniform soil even though the 
final infiltration rate will be unchanged. Nevertheless, it has been observed that cultivations will 
effect the speed of water flow towards a drain, and the drainage response <Beven and 
Robinson,l983; Reid and Parkinson,l984a;Shipway 1986), because increased rates of absorption 
slow the movement of water to depth. A further complication associated with cultivated soils Is 
that the final infiltration rate will be controlled by the transmission rate of the profile, so that 
any zone of impedance such as a plough pan will Induce an increase in water content immediately 
above it (Goss et al., 1978). In a study carried out on the Evesham series, Shipway ( 1986) noted 
such a phenomena which resulted in a 6% increase in soil water content for the cultivated layer 
during a rainstorm. 
Results from infiltration experiments carried out in this study during February 1987 when the 
soils were at winter mean water content are presented in Table 6.5 and Figures 6.5 and 6.6 
Figure 6.5 is the average Phi lip infiltration curve fitted to the means of the field data. The 
constants for the two curves and their standard errors are presented in Table 6.5. Although the 
data sets were not statistically different, the infiltration curves in Figure 6.5 do suggest that 
Infiltration into the loosened profile Is greater, which is in agreement with the larger Kv values 
reported earlier in response to an increased drainable porosity and improved continuity of pores 
between the cultivated layer and the subsoi I. Sorptivlties were calculated for each treatment and 
found to a conform to log-normal distribution, which has been observed by Chong and Green 
( 1983). Subsequent analysis showed no statistical differences within or between treatments. The 
average plots of cumulative infiltration against the square root of time are shown In Figure 6.6. 
The sorptivity values presented in Table 6.5 do however imply a greater absorption for the 
unloosened plots; 0.0152 mm.h-0.5 against 0.0133 mm.h-0.5 for loosened. This lack of any 
significant difference is not surprising, as the top 0.15 m of each treatment received similar 
seedbed cultivations. 
iii) Field values of Sybsoi) Ksat 
vertical Ksat values obtained from large soil cores indicate that soil loosenmg has increased the 
vertical redistribution processes within the top 0.40 m of the profile. These changes, 
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particularly the increased hydraulic conductivity within the subsoil is in the direction that has led 
to positive government recommendations concerning subsoiling in poorly draining soils 
(M.A.F.F.,I981 ). However. for redistribution of soil water towards the drains it Is more 
appropriate to resolve the hOrizontal component of flow. This was attempted for the subsoil only, 
by the use of the auger hole technique <Bouwer and Jackson,l974l which is commonly used in 
field drainage studies within the United Kingdom (Kellet,l975; Armstrong and Tring, 1980). 
Minimum and maximum subsoil Ksat values are presented in Table 6.6 for 3 positions relative to 
drains for each treatment during the winter period of the study when the sol Is were at winter 
mean water content. Regardless of position or drainage treatment, the horizontal Ksat of the 
subsoil ranges from 0.002 to 0.162 m.day-1, Indicating that the subsoil is very slowly to 
moderately slowly draining <according to a classification of subsoil K after Thomasson < 1975)). 
Such a range of values are not unusual and have been observed on other clay and silty clay 
subsoi Is. Ke I let < 1975) quotes a range of 0.003 to 0.076 m.day- I for a clay, Cast le et al. 
< 1984) suggest a range of 0.01 to 0.10 m.day-1 for a silty cla'tt"> hilst Armstrong and Tring 
< 1 980) have reported a mean Ksat of 0.033 m.day-1 for subsoi Is derived from Pa laeozoic s Jates. 
Such variations in observed values as reported here are quite common and in the past have been 
attributed to inaccuracies in technique, soil structural differences and gradients within the 
subsoi I created by drains <Thomasson,l975l. Renger and Henseler ( 1971 l state that variation in 
subsoil Ksat will be as a result of, and give an indication of, anisotropy within the subsoil. The 
small data set presented in Table 6.6 precludes the use of statistical interpretation, but does 
allow general statements to be made about the flow regimes occurring within the soil. For both 
'"0" treatments, flow within the subsoil is negligible at all positions relative,~._the drain and are 
considerably lower than the vertical measurements presented in Table 6.3 for loosened and 
unloosened plots. This slow to moderate drainage of the subsoil suggests that loosening does not 
improve horizontal flow, and may even reduce this component by disrupting the natural fissures 
within the profile. Such responses have been reported by Herve (1981) for slowly draining 
heavy subsoi Is after subsoi I mod if icat ion. 
6.5) Soj) Water Redistrjbutjoo Followjng Soj I Loosening 
Repeated cultivations of the site have induced a layer of low permeability immediately below the 
seedbed which has caused many pores to be closed by smearing, creating a hydraulic resistant 
layer that reduces transmission of water to depth. it may be surmised that soil loosening has 
dramatically altered the vertical redistribution processes and retention characteristics to 0.4 m 
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depth by disrupting the less permeable plough layer that has been identified in the unloosened 
plots. Although observations imply a rapid movement or water to depth following loosening, the 
contribution of both loosened and unloosened subsoils to horizontal redistribution of water to 
drains would appear negligible. 
Whilst no attempt will be made at this juncture to discuss the effects of soil loosening on soil 
water regimes and drain flow response it is or interest to relate the profile responses to changes 
in retention and redistribution during the winter or 1986/ 1987. Vertical movement or water 
within the unloosened profile is restricted by the low Kv values and low air filled porosltles 
reported for the 0.2 to 0.4 m zone. A similar response was observed by Goss et al. ( 1978) for a 
clay soil. Such Impediments to vertical redistribution result In drier subsolls following autumn 
wetting than would be normally expected from water release studies (Thomasson and 
Robson,l967; Ehlers,l976; McGowan,l984). 
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TABLE 6.1 VARIATION IN SOIL CHARACTERISTICS WITH DEPTH 
SI X MONTHS AFTER SOIL LOOSENING 0 PERAT IONS 
Depth Treatment Total Porosi ty A i r Capacity 
volume fract ion volume fract i on 
(m ) (m3.m- 3 ) <m3.m-3) 
L 0.683 0.203 
0.00-0.05 
u 0.70 I 0 .250 
L 0.663 0 . 193 
0.05-0. 10 
u 0.683 0.223 
L 0 .66 0 0 . 184 
0. I 0-0. I 5 * * 
u 0.663 0. 133 
L 0 .643 0 . 173 
0. 15-0.20 * * 
u 0.650 0 . 135 
L 0 .670 0.173 
0.20-0.25 ** *** 
u 0.620 0.064 
L 0.670 0 . 191 
0.25-0.30 *** * 
u 0.620 0.174 
L 0.610 0 . 1 85 
0.30-0.35 *** *** 
u 0.560 0. 139 
L 0.600 0 . 17 7 
0.35-0.40 *** 
u 0.58 1 0. 113 
L 0 .582 0 . 181 
0.40-0.45 
u 0.555 0. 161 
L 0 . 533 0.1 20 
0.45- 0.50 
u 0.550 0. 170 
L= Loosened and Ploughed plot s, U=Ploughed onl y plot s 
* = s1gn1f tcant difference level 0.05 
** = s1gni f 1cant dif f er ence leve l 0.0 1 
***= sign1f 1cant di fference l evel o.oo 1 
Vo l umetr ic Water Cont ent 
<m3.m-3) 
;:~t 
I kPa 5 kPa I 0 kPa 
0 .540 0 . 480 0.470 
0.510 0.45 I 0.446 
0.510 0.470 0.458 
0.520 0.460 0.459 
0.510 0.476 0.474 
* * 
0.580 0.530 0.52 6 
0 .520 0.470 0.468 
0.559 0.515 0.51 I 
0.538 0.497 0.493 
*** *** *** 
0.595 0.556 0.536 
0.525 0.479 0.478 
* * 
0.486 0.446 0.440 
0 . 466 0.425 0. 4 2 0 
0.458 0.421 0. 410 
0.480 0.423 0.41 6 
0.480 0.468 0 .4 4 1 
0 .437 0.401 0 .3 80 
0.430 0 .394 0 .391 
0 .441 0 .413 0.4 11 
0.41 6 0 .380 0.374 
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TABLE 6.2. CHANGES IN SOIL PHYSICAL CHARACTERISTICS AND 
DRAINABLE POROSITIES ATTRIBUTED TO SOIL LOOSENING 
a) 0.0-0.4 m level of 
Loosened Unloosened s1an1f1cant difference 
Dry Bulk Dens1ty <t.m- 3 ) 0 .866<0.084) 1.024(0.045) 0 .05 
Total Poros1ty <m3.m-3> 0.631 (0.008) 0.617 (0.008) 0.05 
Air Capacity (m3.m-3) 0 . 178(0.005) 0 . 153(0 .0 I 5) 0.05 
0v at 1 kPa cm3.m-3J 0.497 (0.0 12) 0.503(0.0 18) n .s. 
0v at 5 kPa <m3.m-3J 0.454(0.0 I 0) 0 .462(0.0 I 7) n .s. 
0v at 10 kPa (m3.m-3J 0.447(0 .0 12) 0 .456(0.0 15) n . s . 
Dramable Pore Space f or 
0 -1 kPa <m3.m-3) 0. I 34( 0 .005) 0 . 114(0.0 14) 0 .05 
1-5 kPa <m3.m-3) 0.043(0.003) 0 .041 (0 .004) n .s. 
5-1 o kPa <m3.m-3) 0.007( 0 .002) 0 .006(0.003) n .s. 
b) Cultivated layer 0 .00-0.20 m level of 
I 
Dry Bulk Dens1ty ( t .m-3 ) 0.880(0. I 74) 0 .871 (0 .0 13 ) n.s. 
Total Porosity <m3.m-3) 0.663 (0 005) 0 .674(0.060) n.s . 
A1r Capac1 ty <m3.m-3l 0. I 88 (0 .004) 0. 185(0.024) n . s . 
0v at I kPa <m3.m-3) 0 .520(0.0 40 ) 0.543(0.00 I ) n.s. 
0v at 5 kPa <m3.m-3) 0.475 (0.002) 0.489( 0.0 I I ) n .s. 
0v at 10 kPa <m3.m-3 J 0 .468(0.002) 0.486(0.0 I 0) n . s . 
Dramable Pore Space for 
0- 1 kPa <m3.m-3> 0. I 43( 0 .004) 0.131 (0 .015) n.s. 
1-5 kPa <m 3.m-3> 0 .045(0.003) 0 .054(0.022) n . s . 
5-1 o kPa <m3.m-3> 0 .007(0.00 1) 0.003 (0 .00 I ) n . s . 
cl Subsoil 0.20-0.40 m level o f 
Loosened Unloosened s1an1f 1c:ant difference 
Dry Bulk Dens1ty ( t.m-3 ) 1.046 (0 .043) 1. 126(0 .027) 0 .00 I 
Total Porosity <m3.m-3) 0.6 1 0 (0.0 15) 0 .580(0 .0 I 0) 0.001 
Air Capacity <m3.m-3) 0.178 (0.009) 0.138 (0.0 16) 0 .001 
0v at I kPa <m3.m-3> 0.482( 0.0 12) 0.477(0 .0 1 9) n . s . 
0v at 5 kPa (m3.m-3J 0.440 (0.0 12) 0.445(0.0 1 9) n . s . : 
0v at 10 kPa (m3.m-3 ) 0 .433( 0.0 13 ) 0 .436 (0.0 15 ) n . s . 
Dramable Pore Space for 
0- 1 kPa (m3.m-3 J 0 . I 28(0.006) 0 . 103(0012) 0.0 I 
1-5 kPa <m3.m-3> 0 .043 (0.003) 0 .032(0 003) 0 .05 
5-1 o kPa <m3.m-3 J 0 .007( 0.002) 0 .009 (0 003) n.s . 
n.s.- no s i gnificant difference, < ) - se. 
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TABLE 6.3. RANGE OF HYDRAULIC CONDUCTIVITIES OBSERVED 
FOR LOOSENED AND UNLOOSENED PLOTS AT Wl NTER MEAN 
WATER CONTENT 
Hydrau11c Conduct1v1ty, m.day-1 at 
Treatment & 0 kPa 0.75 kPa 1.5 kPa 
Soi 1 Depth (saturated) (unsaturated) 
0.0-0.2 m 2 .80-7 .60 0 .90.-4.20 0.25-1 .20 
~oosened 
0.2-0.4 m 1.75-4.40 0.46-0 .93 0.10-0 .45 
0.0-0 .2 m 0 .60 -2.8 0 0.20-0 .45 0 .03-0.1 0 
Wnloosened 
0.2-0.4 m 0.10-0 .5 0 .0.0 1 -0 0 1 0 0.00-0 .03 
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TABLE 6.4. DIMENSIONS AND DRA I NAB LE POROS IT I ES OF 0.5 m 
SOl L COLUMNS 
Treatment Loosened Ploughed 
Depth in Profile(m ) 0 .00-0.50 0.00-0.50 
Cross Sectional area(m2) 0 .0289 0 .0289 
Volume (m3) 0.0145 0 .0145 
Dry Bulk Density(t.m-3) 0.949 0 .986 
Total Porosity(m3.m-3) 0 .642 0 .628 
1 day 0.0707 0 .0325 
Drainable Porosity 
<m3.m-3) 2 days 0 .0714 0.0372 
7 days 0 .0721 0.0383 
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T ABLE 6.5. VALUES FOR CONSTANTS a & b FOR EQUATION 5 .8 TO 
FIT I NF I L TRA T I ON OAT A FROM LOOSENED AND UNLOOSENED PLOTS 
AND CALCULATED SORPTIVITY VALUES FOR 10th FEBRUARY 1987 
Treatment n a b Sorpt ivi ty(mm .h-0.5) 
Loosened 12 248.49(60.88) 12.01(2.18 0.0 133(0.003) 
Unloosened 12 157.40(45.92) 17.97(4.04 0 .0 152(0.004) 
( )- standard error 
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TABLE 6.6 . VARIATION IN SUBSOIL HYDRAULIC CONDUCTIVITY 
USING THE AUGER HOLE METHOD 
Saturated Hydraulic Conductivity 
Position Relative (m.day-1) 
To Drain Unloosened Loosened 
M1d-Dra1n < 1 o m) 0.002-0. 160 0 .007-0. 1 32 
Quarter Drain (5 m) 0 .024-0.077 0 .0 1 S-0 . 1 62 
2.0 m Upslope of Dra1n 0.0 1 8-0. 132 0.094-0. 1 22 
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CHAPTER 7 
SOIL WATER REGIMES FOLLOWING DRAINAGE TREATMENT AND 
LOOSENING 
7. I Introduction 
i) Sojl Water Regimes 
Soi I water regimes have been observed to pass through three phases over an annual cycle in 
response to the changing balance between precipitation and evapotranspiration (Beckett & 
Webster, 1972; Reid, 1975; Duncan, 1979; Beven, 1980; Reid and Parkinson, 1984bl. The three 
phases, autumn wetting, winter mean (or field capacity) and spring/summer drying are not 
distinct from each other but tend to overlap, reflecting the dominant hydrometeorological 
conditions. However, by careful observation it is possible to label these trends as they occur 
throughout the year for a particular soil. The general patterns in volumetric water content 
recorded between October 1986 and September I 987 for loosened, unloosened and permanent 
pasture (control) sites down to 0.80 m are displayed in Figure 7.1. For each treatment the soil 
water content is the mean reading taken at the three access tube locations. The observed regimes 
indicate the ability of an individual soil to store water, which is a function of amongst other 
factors, texture, organic matter, depth to impermeable layer, density and structure. 
Many reported studies of soil water regimes have concentrated upon the drying phase of the 
annual cycle due to the agricultural significance of soil water deficits (e.g. Gregory et al., 1978; 
Garwood and Sioclair, 1979; McGowan and Williams, 1980). In contrast, many hydrological 
studies have acknowledged the effects of desiccation cracks, common to swelling clays (Ritchie 
and Adams, 1 973), in the seasonal re-wetting of clay soils and the subsequent redistribution 
processes to field drains <Beven, 1 980; Robinson and Beven, I 983; Leeds-Harrison et al., I 982; 
Re id and Parkinson, 1 984a,bl, particularly for the clay soils of eastern and central England. 
These studies have emphasised the need to observe the soil water regime throughout its annual 
cycle to establish the effects antecedent soil water conditions have upon the timing and volume of 
drainflow response. Therefore it is the intention of this study to describe the changing soil water 
content I drainflow relationship for loosened and unloosened soil structures for the year 
immediately after profile modification. Although a limited study was initiated in the previous 
winter using open auger holes for the direct measurement of depth to water table1 the results of 
this study are presented in Appendix 4 
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i i) Hydrometeorologjcal Patterns Observed for the Experjmeotal perjod 
A knowledge or the annual balance between precipitation and evapotranspiratlon is ot paramount 
importance in soil drainage studies. This is because winter rainfall in England and Wales is usually 
more than sufficient to satisfy any soil water deficit that may have developed during the summer 
period, and can give rise to a drainage excess. Table 7.1 summarises the hydrometeorological 
patterns observed one year prior to the installatIon or the drainage scheme in September 1985 
and ror the two years or the experimental study. Although confidence may be expressed in the 
actual rainfall records reported, evapotranspiration values are questionable as they were 
obtained from weekly observation sheets calculated for M.O.R.E.C.S. area 189 ror a crop or 
winter wheat. Field ( 1983) points out that such values are area I estimates and may not be a true 
indication or actual evapotranspiration that occurs at various locations within the 40 km grid 
square. 
The data presented In Table 7.1 demonstrates the usual irregular pattern of actual monthly 
rainfall which commonly ranges from less than 20~ to more than 150~ of the L.T.M. for 
successive months with approximately 60% of all rainfall occurring between October and March. 
Of particular interest is the rainfall distrlbut ion between October 1985 and September 1987 
when the soli water regimes of the experimental site were monitored and the data used to 
account for the onset and cessation of drainflow in response to replenishment and depletion of the 
soil water store. Throughout the study period drainflows occurred during the winter period ~ 
• "(O...c::. 5:.:'~-0... \.~ 
whenever rainfall was close to or greater than the L.T.M .. This is not surprising, as it is,...t'Ke 
absolute water content of a non-swelling soil 
creating a variable water storage. 
controls the timing and volume of drainflow by 
All three summer periods are characterised, as is to be expected, by 
predicted Er exceeding rainfall, thus inducing a soil water deficit. For the 1985 and 1986 
summer periods this pattern occurs from May until the end of July, when wetter than average 
Augusts caused the return of soil water deficits to zero. In contrast, the pattern during the 
summer of 1987 was altered due to a wetter than average June ( 129~ of the L.T.M.l, which 
slowed the rate or drying and caused a partial recharge of the soil water store <see Figure 7.1 l. 
This was then followed by a drier than average July and August. it is also important to point out 
that June 1987 had the lowest predicted Er compared to the May, July and August figures, which 
is the reverse of the previous two years when June had the highest monthly Er rate, which 
agrees with predicted M.A.F.F. ( 1976) values (see Table 2.1 l 
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7.2 Sojl Water Regimes Following I oosenjng 
i l The General pattern 
The patterns of wetting and drying that have been recorded for the loosened and unloosened soils 
can now be compared, and it w i 11 be shown that the structural changes brought about by profile 
modification influence soil water redistribution and retention. For additional contrast, an 
undisturbed permanent pasture site (control) was compared with the loosened and unloosened 
plots. Any changes in these physical characteristics, induced by soil management, are 
concomitant with a change in the soil water regime (Eck and Taylor, 1969; Musick and Dusek, 
1975; Unger et al., 1981; Jarvis and Leeds-Harrison, 1 987al. This is shown in greater detai 1 in 
Figure 7.1 for the water contents recorded at the three access tube locations. Wetting of the 
profile continued at the three sites during September, with winter mean water contents, as 
defined by Reid and Parkinson < 1987), being reached by the fourth week in October for the 
drained profiles and by the second week in November for the control. Drying of all three sites 
began in the second week of Apri 1 when Er exceeded rainfall. 
Typical winter soil water profiles measured by the neutron probe in these silty clay loam soils 
exhibit an overall trend of decreasing water content with depth. Figure 7.2A illustrates this for 
the loosened, unloosened and control sites for a period when only 7 mm of rain bad fallen over the 
preceding week. For eacl) treatment the soil water content is the mean of three replicated 
readings. The effect of soil loosening upon soil water retention can be seen clearly in Figure 
7.2A, particularly between 0.2 and 0.4 m depth. This increase in stored water was recorded 
consistently throughout the winter period (see Figure 7.1 J, and as the neutron probe calibration 
curve for this soil was found to be linear and unaffected by the structural changes reported in 
Section 6.2 <see Section 5.2l, the observed changes must be real and not due to changes in soil 
bulk density. 
Volumetric water contents recorded at the three sites in response to observed 
hydrometeorological patterns are displayed in Figure 7.1. The winter mean water content (as 
defined by Reid and Parkinson, 1987ll increased significantly (sig.level <0.05) by over 6% 
throughout the winter period. Nevertheless, Long and French< 1967) have pointed out that caution 
is required in using absolute volumes of soil water determined by the neutron probe due to the 
effects of horizon interfaces that may cause an underestimation of actual soil water contents. For 
this reason, profile water content data is presented In the form of difference in water content 
(d0l relative to the winter mean water content <l:iwl· 
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Concomitant with the observed Increases in soi I water content was a reduction in matric 
potentials (total potential-gravitational potential) recorded on the loosened site. An example is 
presented in Figure 7.28, where each point is the mean of four replicated readings taken at mid 
and quarter drain spacing. During the course of the study it was noted that for rainfree periods 
potentials were very similar at the two positions. a situation that differed from that of profiles 
obtained during rainfall events that caused drainage. 
From Figure 7.1 it can be seen that profile re-wetting occurred throughout October, with winter 
mean water contents attained by the fourth week In October for both loosened and unloosened 
sites and by the second week in November for the control (see Table 7.2). This delay in 
replenishment compared to the drained soils can be attributed to previous extraction patterns. 
Greatest extraction and the need for recharge is reported to occur down to 0.4 m depth in 
grassland (e.g. Garwood and Sinclair. 1979; McGowan and Will iams, I 980) and agrees with 
measurements made for the control site. 
Ideally, for a complete account of the wetting phase, a knowledge of the lowest water content is 
required. In this case, however, the recording of soil water for the experimental slte did not 
commence unt i I I Oth October 1 986. 1 t should be noted that the measurements made for this date 
do not correspond to the lowest water contents measured in the following summer <see Figure 
7.1 ). Nevertheless, soi I water measurements taken prior to the I Oth October at the control site 
reflect the wetter than average August followed by a drier September (see Table 7.1 ), causing a 
temporary recharge of soil water followed by a second drying front <see Figure 7.1 ). This 
pattern of continued net water loss observed in September 1986 was repeated in the following 
year, albeit for a drier summer, with the month of August identified by M.A.F.F. (1976), as that 
in which expected rainfall exceeds Er. Similar observations for the continued drying of a grass 
site, and the failure of M.A.F.F. ( 1976) to identify the annual maximum soil water deficit, has 
been reported for other soils under different climatic conditions (McGowan and Williams, 1986; 
Reid and Parkinson, 1981, 1984b). 
i I) Soj I Water Budgets 
Soil water budgets were calculated for the three sites between 1Oth October 1986 and 31st 
August 1987. Examples of these calculations are given in Table 7.3 to demonstrate the different 
hydrological responses observed for each plot for the three phases of the soil water regime. The 
indicated errors In the water budgets are reasonably small for both the loosened and unloosened 
soi Is, given that they are derived or estimated from four components, each subject to error. This 
supports the assumption that boundary errors are small and the measurements made for each 
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drainage treatment were representative of their hydrological response. In contrast, after the 7th 
November 1986 <see Table 7.3) errors in the water balance for the control became <very> large, 
especially when discharges were recorded from the drained sites. This suggests that deep 
drainage was taking place place following the recharge of the soil water store. However, weekly 
changes in soil water content both during the wetting phase, and following the initiation of drying 
reflect the physical differences due to management and cropping of the three sites. The total 
volume of drainflow from the unloosened plots was generally greater than recorded for the 
loosened soils, which retained more water throughout the wetting and winter phases. For 
example, between the 7th November and 14th November the unloosened site discharged 17.8 mm 
and gained 13.3 mm of water, whilst the loosened site only discharged 13.2 mm, but gained 17.2 
mm of water. This situation was reversed following the cessation of drainflow and during the 
early stages of drying, for example, between the 24th April and 1st May the loosened soi 1 lost 
22.8 mm of water compared to 14.5 mm from the unloosened soi I. For the same period and during 
the wetting phase losses and gains were always greatest on the grassed control. 
iii) The effect of Sojll oosenlng on Water Retentjon 
The effect of soil loosening on water retention is demonstrated in Figure 7.3 for soil water 
release curves determined from neutron probe and tensiometer field data. lt should be stressed 
that only data for the spring/summer drying phase are included in the plots. This is because data 
from both the wetting and winter phases showed marked hysteresis, and caused a wide scatter. 
Interpretation of these field release curves therefore requires prudence considering the paucity 
of data. Nevertheless, general statements can be made about the soil water energy status and 
drainable pore volumes in field state soils, thus allowing comparisons to be made with release 
characteristics reported in Section 6.2. 
No discernible differences between treatments may be observed at 0.1 m depth, a trend that is 
not unexpected considering that both plots underwent the same seedbed preparations. What Is 
worthy of note is the effect loosening ope rat ions have had upon the volume of water retained at 
low matric potent ials at depths of 0.2 and 0.3 m. it would appear that th,!!..loosenlng effects at 
__.. 
these depths have caused a change in the 0- ¥relationship, especially between -1.0 and -30.0 
kPa. This is In agreement with the Increased dralnable porosities reported earlier. Such a change 
in the 0-¥ relationship following an alteration of bulk density, in this instance a reduction, is 
not uncommon (for example Box and Taylor, 1964). Pathak et al.< 1976) have reported that the 
volume of water retained by a clay loam is reduced at low matric potentials as its density 
increases. This observation is In agreement with the lower volumes of water observed in the 
unloosened profiles at low matric potentials (e.g. 0.35 m3.m-3 at -1.0 kPa compared to 
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0.50-0.55 m3.m-3 in the loosened soils at 0.2 m depth). Although the data presented in Figure 
7.3 is not totally compatible with the retention data obtained rrom cores, it does show a 
remarkable similar patterns and clearly suggests that soil loosening dramatically altered soil 
water retention properties below plough depth to 0.4 m. 
7.3 Wettjng Phase 
il Redjstrjbutjon Process 
The re-wetting or a non-cracking soil has been recognised to occur from the surface downwards 
with a characteristic wetting front <Bodman and Colman. 1943; Rubin et al., 1964), each new 
increment of water moving the old water further down the profile (Zimmerman et al., I 967). 
However, the recharge or a soil profile by rainfall is a complex process which is controlled by 
the degree of isotropy of a profile's hydraulic characteristics (Gardner et al., 1970a,bl, ~<<~ ..... 
1s. in turn influenced by antecedent soil water conditions (Reid, 1975) and the water retention 
properties of the profile <Gardner et al., 1970al. Few examples are available in the literature or 
the effects of soil cultivations upon the seasonal re-wetting of field soils by natural rainfall. 
Most studies have concentrated upon minimum versus conventional tillage practices (e.g. Goss et 
al., I 978: Douglas et al., I 986l. 
The physical response of the silty soli to loosening operations and changes in vertical 
redistribution have been discussed in previous sections and it has been shown that the reduction 
in bulk density was concomitant with increased water retention (see Figure 7.1 l particularly 
between 0.2 and 0.3 m depths (see Figure 7.3). How these reported changes effect the re-wetting 
or a soil profile will now be discussed in comparison to an unloosened plot and an undrained 
control. 
i i) Re-wettjng 
In Figure 7.4 selected profiles or changing water content relative to the W.M.W.C. and matric 
potential are presented for the three access tube locations. The redistribution or water can be 
seen to take place from the surface downwards at all sites, which is typical for a soi I that does 
not exhibit characteristic shrinkage or swelling. During the wetting process, gains in retained 
water are always greatest towards the surface, a trait that can be seen readily in the profiles 
presented for the three sites. Superimposed on these general patterns or wetting are the effects 
of soil management and those or the previous drying cycle, causing an alteration of both the 
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water retention and transmission properties of a soli. This in turn determines the amount of 
water retained at each depth and the date of return to winter mean water content. The attainment 
of, for non-swelling soils, is normally considered coincident with the start of drainflow. 
The changes presented for the loosened, unloosened and control profiles in Figure 7.4 reflect the 
different redistribution patterns that have developed in response to soi I management. 
Assessment of the statistical significance or the differences in re-wetting between the three 
sites is difficult as the data is presented In the form of weekly differences In water content (d0l 
from the winter mean <0wl. However, the average standard errors of the weekly water content 
changes for all three access tube sites are low during both the wetting and drying periods. On the 
control site the values for 20,40 and 60 cm are 0.005, 0.01 and 0.007 m3.m-3 respectively. 
Simi Jar average values are reported for the unloosened access tubes, 0.008, 0.007 and 0.005 
m3.m-3. However for the loosened site, although the values at 20 and 40 cm are very similar, 
0.005 and 0.007 m3.m-3, a slightly higher standard error of 0.019 m3m-3 is reported for 60 
cm. This increased error is attributed to an increase in slate content with depth, but the overall 
low standard·errors confirm the reliability of data in profile form. 
Wetting profiles (Figure 7.4) for the first two weeks of October clearly show that loosening has 
reduced matric potentials and hence increased soil water contents. The latter results are not so 
apparent from the profiles or d0 presented. This increase in soil water and reduction In matric 
potential occurs not only in the loosened zone, but also near the soli surface, despite the fact that 
bulk densities are similar for the two treatments near the surface. The lack of data prior to the 
lOth October was unavoidable because of seedbed cultivations that were uniformly carried out 
across the site. Consequently this means that there is no information for the wetting period 
during September when 31 mm of rain fell. 
Progression of the wetting fronts and the changes in matric potential recorded for the last two 
weeks of October are of particular interest. These are especially pertinent in accounting for 
differences in drainflow response observed for the two treatments in the week prior to the 
attainment of winter mean water content. Between the 17th and 31st or October 57 mm of rain 
was recorded, with the first drainflow responses noted on the 21st October, four or five days 
prior to the attainment or winter mean water contents (see Table 7.2). Dissimilarities in 
drainflow response for the two treatments <see Table 7.3) can be explained by the observed 
differences in the d0 and matric potential profiles presented for the 24th and 31st of October 
<see Figure 7.4l. Of particular relevance are the differences in profile at saturation (0 kPal. This 
can be seen to be particularly Important at 0.2 m depth on the 24th or October for the unloosened 
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site, which is coincident with the denser. less porous layers identified earlier. When the wetting 
front reaches this less permeable layer the rate of vertical redistribution is slowed. This is due 
to its lower hydraulic conductivities <Kvsat or 0.1 - 0.5 m.day-l compared to 1.75- 4.40 
m.day-1 after profile modification) which will not accept the rull percolation rate from the more 
permeable surface horizon< Kvsat of 0.60 - 2.80 m.day-1 l. As a result, this layer becomes 
saturated rrom the sur race and the wetting front w i 11 only slowly penetrate. In contrast. the 
matric potentia Is observed ror the loosened site on the 24th October <see Figure 7.4) imply a 
"'c.- \<\ greater movement or water to depth, coincident with~eported.change7forosity and increased 
water retention at low matric potentlals below 0.2 m depth (see Figures 7.2A and 7.3). 
Such discontinuities in redistribution due to impermeable layers have been observed to cause 
rapid reductions in matric potentials and increases in soil water content or the surface layers 
(Goss et al., I 978) which can result in a drainflow response prior to complete recharge or the 
soil water store by plough layer interflow <Trarrord and Rycrort, 1973). Such responses have 
been more commonly reported r or structured clay soi Is that exh ibl t delayed swe 11 ing <Emerson, 
1955; Trarrord, 1975) and can attain rapid reductions in matric potential in the surface layers 
which results in intermittent drainflow (Robinson and Beven, 1983; Parkinson and Reid, 1984al. 
Similar responses occurred during the wetting phase for both loosened and unloosened plots. This 
is shown in Figure 7.5, which clearly depicts the greater retention of water by the loosened 
profile at all depths for a quiescent period between the 31st October and the 7th November, 
followed by a rapid reduction in matric potential at 0.2 m depth in the unloosened profile in 
response to rainfall on the lOth November. The patterns observed for the two treatments were 
repeated throughout the winter period or the study and show that the soil water regimes that 
develop on these soils in response to winter rainfall patterns are dynamic. 
7.4 Wjnter Phase 
i) Concept or fjeld capacity 
The change in balance between rainfall and Er observed ror the winter period is normally 
sufficient to recharge the soil water deficits that develop when Er rates exceed rainfall. On 
replenishment, the soil attains a balance between further additions and losses due to drainage. 
This balance has been described as a soil water constant and has given rise to the concept or field 
capacity (Veihmeyer and Hendrickson, 1931; Col man, I 934). In practical terms it has been round 
difficult to define this constant accurately (Richards, I 949; Burrows and Kirkham, I 958; 
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Gardner et al., 1970al, as field capacity is not a definite state. Instead soil water contents tend 
to fluctuate throughout the winter period in response to rainfall. This dynamic behaviour of the 
soil water system has been observed for a wide variety of soils of different textural classes 
under natural rainfall and irrigation (Gardner et al., J970a; Webster and Beckett, 1972; Rei d. 
1975; Reid and Parkinson, 1987). 
The real significance of the field capacity concept is in its practical rather than physical 
application. The water content of a soil during both the winter and spring periods is of agronomic 
importance, as it limits the timing of cultivations and plant growth. If it could be defined 
accurately it could serve as a reference point for individual soils. This would then allow 
comparison to be made between different soil types and their response to management (Wind, 
1976; Robson and Thomasson, 1977; Thomasson, 1982). Although it is not possible to define a 
constant physical quantity, it has been shown that over the winter period a dynamic winter mean 
water content may be derived by sequential soil water measurement <Reid, 1975; White et al., 
1983; Reid and Parkinson, 1987), the amplitude of range about the mean varying with rainfall 
amount, intensity and soi 1 type. 
iil Winter Mean Water Content 
The general pattern in total profile volumetric water content between October I 986 to August 
1987 for the access tube sites in response to observed hydrometeorological patterns was 
described in Figure 7.1. In Figure 7.6 the average soil water regimes (0.1 to 0.8 m depth) 
recorded at three access tube sites for the same cycle are shown. The data values presented are 
not absolute water contents, but the ratio of count rate ( R/Rwl to the 1986/87 winter mean 
count rate (R/Rwl derived for the period when the soil had attained a balance between additions 
and losses. The winter mean count rate at each depth is based on thirteen replicated weekly 
readings for the control and twenty weeks for the loosened and unloosened profiles respectively. 
The construction of these plots removes the apparent increase in water content reported for the 
loosened profile and allows the beginning and the end of the winter period to be defined using the 
method out 1 ined by Re id and Park inson ( 1987). The duration of the winter mean period was 
identified using water contents derived between 0.1 to 0.5 m depth. Soils were deemed to be at 
winter mean levels when water contents were within 3% v/V of the winter mean value (R/Rw 
+R/Rw is> 0.95 and< 1.05). However, due to the limitations of the surface calibration curve for 
the top 0.1 m of each profile, once water contents fell below 0.35 m3.m-3 or a ratio of 0.6625 
(R/Rw +RIRwl contour points were extrapolated from 0.2 m depth. Careful study of Figure 7.6 
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allows separation of the wetting phase from the winter mean phase and the summer drying phase 
from the winter phase. The actual dates or attainment of the winter mean, its duration and the 
mean winter water contents for the three sites are reported in Table 7.2. 
Figure 7.6 illustrates that re-wetting of the silt soil is rapid at all three locations in comparison 
to clay soils, which have been observed to wet very slowly in response to winter rainfall, 
due to the influence of desiccation cracks on soil water redistribution processes, and a delayed 
swelling of the soil matrix (Webster and Beckett, 1972; Beven. 1980; Bouma, 1980; Reid and 
Parkinson, 1981, 1984). The major differences between the three sites (see Figure 7.6) are 
attributable to soil management and the water extraction processes associated with winter wheat 
or grass. On close examination the Jengt~or the winter period for the loosened and unloosened 
sites are very si m i Jar, 175 and 174 days respectively. In comparison. the control site·s winter 
period was estimated at 158 days. This delayed return to winter mean levels, albeit for a similar 
soil, reflects the complications of re-wetting that occurred in August 1986 (See Figure 7.1 l 
followed by continued water extraction into September that takes place under grass. In contrast, 
bare sol Is, exposed after harvest and subsequently cultivated have been observed to lose water 
only from the top 0.3 m by evaporation. whilst soils under grass continue to lose water to the 
maximum rooting depth (Long and French,1967; Garwood and Sinclair, 1979; McGowan and 
Williams, 1980a,b). Figure 7.6 accurately represents the winter period for the three access tube 
locations, until drying processes extract more water than is added. This occurs in mid-April ror 
the three sites and reflects the patterns or extraction under different cropping regimes and soil 
structures. 
The median date for return to field capacity for this geographical location, as predicted by 
M.A.F.F. ( 1976) is 3rd October, with earlier and later quartiles being 13th September and 6th 
November respectively. These dates are based on the return or the soil water deficit to zero, 
according to potential evapotranspiration and rainfall average values. it is difficult to state how 
normal the observed dates (see Table 7.2) at Seale-Hayne College were for Autumn 1986, due to 
the atypical rainfalls <see Table 7.1) recorded for August, September and October. in comparison 
to the L.T.M. for the College. The heavy ratnrall at the end or August caused a temporary 
recharge or the sotl water store followed by a second drying phase in September, which was not 
predicted by the M.A.F.F. Er Model. This discrepancy could easily account for the late return to 
winter mean levels of the control on the 12th November. 
Once winter mean water content levels were attained they remained remarkedly constant as 
illustrated by Figure 7.1. The increased water contents observed on the loosened site reflect the 
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changes in soil water retention between 0.2 and 0.3 m depth as shown in Figure 7.3. However, 
the dynamic nature of the winter phase water contents are more clearly shown in Figure 7.7. The 
data is expressed as the difference in water content (del J from the winter mean <fiwl. which 
removes the increase in water content reported for the loosened profile and emphasises the 
similar fluctuations in winter water content recorded at the three sites in response to excess 
rainfall. A point worthy of note is the similarity of behaviour between the loosened and 
unloosened profiles. Both exhibit a well defined tendency for adjustments towards the winter 
mean water content between successive readings. In Figure 7.8 it is shown that 0 will fall from 
one measurement to the next despite additional rainfall in the intervening period if it Jay above 
the winter mean level <filwl in the beginning. For both loosened and unloosened soils the water 
contents move towards an equilibrium conditions. it is important to note the difference in slope 
·,·\0~ 
between the two plots presented in Figure 7.8. The slope for the loosened soil is compared 
to 1·o··a.l. for the unloosened soil, which suggests that the loosened soil is more responsive when 
'upset' by rainfall. This can be attributed to the increase in porosity that has been observed 
between 0.2 and 0.3 m depth. Similar rapid responses have been reported for lighter (Horton and 
Hawk ins, 1966; Reid, 1975) and heavier <Re id and Parkinson. 1987) textured soils. 
The adjustment towards equilibrium conditions is exemplified in Figure 7.9, which depicts dlil on 
an horizon basis for the three sites. Significant fluctuations about the winter mean in each case 
was restricted to the top 0.2 m of the profile. This is in agreement with observations made by 
Nicholson < 1935) for a ciay soil, that little fluctuation occurs below this depth. What is of 
interest is that in the undrained control, the fluctuations are very similar and remain so 
throughout the winter. As far as the winter water regimes for the three sites are concerned, 
evapotranspiration values did not influence the amplitude observed in winter water contents 
which extended into mid April, the plateau persisting until evapotranspiration exceeded rainfall. 
The dates for the end of the winter phase for each of the three sites are presented in Table 7.2. 
Although total Er did not exceed total rainfall in April 1987, the uneven distribution of rainfall, 
96% of the months total occurring in the first ten days, caused soil water deficits to develop 
towards the end of the month. The median value identified by M.A.F.F. ( 1976) for the end of field 
capacity is 1st May, with ear 1 ier and 1 at er quart i 1 es being the I Oth Apri 1 and 25th May 
respectively. 
The rapid re-wetting and attainment of winter mean water contents described for the loosened 
and unloosened sites will have dramatic effects on soil workability and land access. Unlike 
observations made upon clay soils (Parkinson, 1984), the winter mean period identified here 
may be considered a reliable estimate from which to calculate soil work days. Thomasson ( 1982) 
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identified the period between the 15th September to the 30th April as including the main period of 
autumn and spring tillage. Using the climatic and soil data presented by Thomasson < 1982) a 
value of 175 to 200 field capacity days may be calculated as being the median for the 
Seale-Hayne College area. This compares favourably with values noted for the loosened and 
unloosened sites in Table 7.2, but tends to overestimate for the control. What cannot be stressed 
enough is that the data collected represents only one hydrological year, which when compared to 
predicted M.A.F.F. hydrometeorologlcal patterns and L.T.M. <see Table 2.1 J shows how such 
patterns vary from one year to the next The recorded winter mean periods have been explained 
in terms of rainfall distribution and in the following chapters it will be shown to exert 
considerable influence upon the drainflow regimes and soil strength. 
i i i J Soj] Water Energy Status for the Wjnter Phase 
Throughout the winter period, weekly measurements of matric potential < total potential -
gravitational potential) were made upon the loosened and unloosened sites at 0.1 m increments to 
a depth of 0.6 m. Additional periods of intensive measurement over consecutive days were also 
carried out to monitor the soli's response to rainfall and the relationship between the timing and 
quantity of drainflow. The tensiometers used in this study were limited by frequent frosts that 
occurred, particularly between the 9th January to the 14th February 1987, and the probability 
of preferential flow of rainwater down the tensiometer stem, which would account for rapid 
changes in potential in the subsoil,when the low hydraulic conductivities that have been reported 
are considered. Following a frost, the tensiometers were purged and below 0.2 m depth In the 
unloosened plots, equilibration took up to 48 hours, compared to 24 hours in the loosened. These 
associated problems caused breaks in the data set and raise questions about its reliability which 
must be borne in mind during any discussion. 
In an ideal homogeneous soil, the matric potentia is that develop following complete saturation 
should attain values equivalent to the drain depth within 48 hours (Trafford, 1 975). In practice 
this relationship does not exist, due to the natural heterogeneity of the soil profile (Webster and 
Beckett, 1972~ •-~.lthough it is recognised that the soil water system will tend towards an 
equilibrium condition in which matric and gravitational potentials will be balanced throughout the 
winter period. on re-wetting of the soil profiles within the loosened and unloosened areas, matric 
potent ials fluctuate around an equilibrium condition in response to rainfall. This is clearly shown 
in Figure 7.10 for weekly observations taken from the Jlst October, when the soils had 
re-wetted, until 17th April when evapotransplratlon rates exceeded rainfall and the soils began 
to dry. ThroughOut this period both sites showed rapid responses to rainfall, predominantly in the 
cultivated layer, which was shown in detail for a 14 day period in Figure 7.5. 
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Typical profiles that develop within the loosened and unloosened sites for wet and dry antecedent 
conditions are presented in Figure 7.11. The two profiles demonstrate the change in matric 
potentlals detected for a draining profile on the 31st October and the equilibrium conditions 
achieved on the 5th November, 2 days after drainflow was observed to cease. It is apparent that 
the loosening operations have resulted in lower matric potentials and greater water retention to 
0.5 m depth. Preliminary analyses or water retention and disposal processes have been reported 
by Parkinson et al.< 1988). A more detailed analysis or the effects of these changes on drainflow 
response and soil strength will be given in the following chapters. 
or great importance, however, are the average matric potentials that were recorded over the 
winter period, since as Trafford ( 1975) points out , unless drainage can give a matric potential 
or at least -5 kPa on the cessation of drain-flow the likelihood of poaching and soil damage will 
not be eliminated. Average matric potentials for Quiescent periods, (i.e. no rainfall three days 
prior to measurement) for both loosened and unloosened profiles are presented in Table 7.4. 
From this data it may be seen that matric potentials remain low throughout the winter period, 
greatest variation in potentials occurring during and just after heavy rainstorms. Webster and 
Beckett (1972) identified a similar range or matric potentials for clay Joams and clay soils or 
south eastern England during the winter period. These were 2- 4 kPa for the clay loams and 
about I kPa for the clays within the top 0.2 m of a profile. 
However, for rain free periods and especially during the initial drying stages in April and May the 
loosened soils remain wetter <see Figure 7.10), which will ultimately effect soil workability and 
traffic~ability. Wind (1976) and Thomasson (1982) identify a matric potential of -33 kPa as 
being the lower limit at which damage to the soil will be negligible. For the sites under discussion, 
this potential is not attained by the loosened soils until the 8th May, 3 weeks after the soil 
departs from its wmter mean condition (see Table 7.2) and one week later than than the 
unloosened plots. 
7.5 Drying Phase 
i) Soj! Water Extract ion 
Towards the end or the winter period, air and soil temperatures rise steadily in response to 
increasing day length and net receipt of solar radiation. These changes cause a higher rate of 
evaporation, which in turn is further accelerated by rapid plant growth in response to more 
favourable environmental conditions. Once net sol I water losses <Evaporation and Transpiration) 
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exceed net soil water gains the drying phase begins, the progression of which can now be 
discussed for the three sites. 
Observed differences illustrated in Figures 7.9 and 7. 12 high 1 ight the sol 1 physical changes 
induced by loosening and extraction patterns that occur under a permanent pasture. However, 
this simple relationship between soil water profiles and actual evapotranspiration is complicated 
by rainfall additions and continued redistribution (Gardner et al., 1970bl. The drying phase was 
notable for a drier than average summer which induced rapid drying well into August, interrupted 
only by above average rainfalls for June <see Table 7.1 ), which caused a complex period of 
re-wetting, and absorption of the infiltrated water <see Figure 7.7). In general, the changes in 
soil water content (dfl) from the winter mean level <i<lwl recorded at the three sites were very 
similar. Substantial differences (<20 mml between the grass control and the area cropped with 
winter wheat do not occur unt I 1 mid July when the cereal crops began to ripen and continued up 
until harvest on the 17th August. Similar observations have been reported for other agricultural 
catchments <McGowan and Wi 11 lams, 1980b; White et al., 1983). 
i I) Soli Water Extract ion patterns 
Throughout the study period, weekly measurements of sol I water status were made at the three 
sites. The neutron probe readings within the top 0.15 m of the profile were supplemented with 
gravimetric sampling frol"(l the 24th April 1987 when observed water contents approached 0.35 
m]m-] Below this water content, the near surface calibration curve became non-linear due to 
an excessive loss of neutrons at the sol l-air interface. This is because the neutron cloud extends 
up to 20 cm in radius as a soil dries Wlgaard, 1965). In addition, records or the soil water 
energy status at the loosened and unloosened sites were discontinued on the 31st May when 
matric potentia Is had developed in excess of -80 kPa, which was the upper working limit of the 
tensiometers. After this date, even with the partial recharge to 0.6 m depth in June (see Figure 
7.9) matric potentials never returned to within the working range of the tensiometer. 
The results for the two sampling programmes are shown in Figures 7.10 and 7.12 on an horizon 
basis for matric potential and soil water content respectively with weekly rainfalls and actual 
evapotranspiration rates (obtained from M.O.R.E.C.S. sheet area 184 for winter wheat> for the 
period. The form of the water content and matric potential profiles at selected time intervals are 
shown in Figures 7.13 and 7.11-t These four diagrams are discussed simultaneously along with 
Figure 7.9 which shows the rate of water extraction (dfll from each depth. 
To enable an adequate description of the drying patterns observed to develop on these soils it is 
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assumed that once drying commences, the potential gradients that develop draw water to the 
surface and roots, which will limit deep drainage to a negligible amount. This assumption is based 
on the low hydraulic conductivities or the subsoil and the progressive water extraction with 
depth which is clearly shown in Figure 7.9. Soil water budgets calculated for this period <see 
Table 7.3) substantiate this assumption. The strength or these arguments are limited by the 
variation in profile depth developed over the experimental site (see section 2.2l and the 
gradients that develop within the fissured slate parent material. No attempt was made to measure 
fluxes within the slate, but they have been shown to develop large hydrostatic pressure which 
result in localised seepage (Rycroft, 1971 ). 
The summer or 1987 was notable for a rapid onset or drying conditions and departure from 
winter mean water contents (see Table 7.2). Low rainfalls towards the end of April and 
throughout May coupled with high rates or Er led to this early depletion or the soil water store at 
the three access tube locations. it is interesting to note (see Figures 7.9 and 7.12) that even at 
the beginning or the drying phase, water is removed from the o to 0.7 m depth zone at the 
control, which suggests water extraction takes place throughout the root zone. This agrees with 
the published results for the extraction of water under grass (Garwood and Williams, 1967; 
Garwood and Sinclair, 1979), albeit ror a less deep profile, and contrasts the extraction patterns 
observed for cereals (McGowan and Williams, 1980a,b; White et al., 1983). The extraction 
processes under cereals have been described in detai I (e.g. McGowan, 1974; Gregory et al., 
1978), and are related to t.he maximum depth or root penetration, which increases as the growing 
season progresses. This can be clearly seen for the loosened and unloosened plots (see Figures 
7.9,7.1 o and 7.12 to 7.14)1 the observed differences in rate of water loss being a direct result 
or cultivations carried out and the associated physical changes in soil structure which will effect 
crop extraction patterns. In a study or the effects of cultivation (minimal and traditional) on soil 
water regimes that develop under winter wheat, Goss et al. ( 1978) reported that water storage 
at depth varied with the previous winter's rainfall, greater extraction or water from direct 
drilled soils occurring after a dry winter. Despite this, figures 7.13 and 7.14 show that very 
little water is extracted from below 0.7 m depth until very late in the season. On the 21st August 
when the lowest profile water contents were recorded, four days after winter wheat was 
harvested, only 4, 6 and 10 mm or water had been removed from below 0.7 m depth in the 
loosened, unloosened and control compared to the 24th April. 
The effects or the soil loosening operations clearly exert a strong control on the rate or soil 
water extraction observed at the experimental site, although it is interesting to note the similar 
responses or all three sites to rainfall in June and the middle of July (see Figure 7.12l. During the 
rain free period from mid April to the end or May soil water contents decrease progressively in 
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all soil layers to 0.7 m depth, except ror the loosened site where extraction was restricted to 
the upper 0.6 m or the profile. The quantity or water lost rrom each layer decreases with depth, 
although greater extract ion occurred in the loosened sol 1 between 0.2 and 0.4 m depth. This was 
approximately 20 mm more water than was removed rrom the unloosened site by the 21st 
August (see Figure 7.14). The difference in depth of extraction may be attributed to a number of 
soil/plant root related factors, although detailed comparison between the two sites was 
complicated by a severe infestation of Take All ( Gaeumannomyces graminis var. triticil on the 
unloosened plots. However, significant changes in the soil physical properties for the top 0.4 m 
or the loosened profile in response to soli loosening may interact to give a more equable rooting 
environment. The reduction in water extraction below 0.4 m (see Figure 7.9 and 7.12) l in the 
loosened soils may have been caused by be a build up or nitrates at this depth ( Pickrord, 1987l 
and the proliferation or roots in the disturbed zone. Although no attempt was made to assess root 
densities during the course or this study, several studies have reported an increase in the root 
density or winter wheat in loosened zones following deep cultivation (Davis et al., 1982; Hipps 
and Hodgson, 1987). In contrast, extraction rrom the unloosened soil below 0.4 m occurred at an 
earlier date in all instances <see Figure 7.9l. 
The drying process at the three sites was interrupted in June and mid July when rainfall 
exceeded or equalled the rates of Er. This caused increases in soil water content to 0.6 m depth 
in June r or a 11 three pror i I es, wh i I st the July rain fa 11 response was restricted to the top 0.2 m. 
Close examination or Figures 7.9 and 7.12 for this period suggest contradictory responses due to 
the presentation or the data. For the control and loosened profiles in Figure 7.12, the change in 
total water content appears less dramatic than the unloosened profiles response to July rainfall. 
Whilst in contrast, Figure 7.9 clearly shows the response occurred to 0.2 m In both loosened and 
unloosened pror i les. The water depletion observed is a result of drainage and evaporation and may 
~~~~' ' be explained by looking at the changes in potential with depth. As the ""''"-' . potential in 
one soil layer becomes lower than that or the layer immediately below, water is induced to move 
upwards from that deep layer. The maximum depth at which the~~..)..gradient Is zero may be 
defined as the effective rooting depth or the crop (McGowan, 1974). Figures 7.13 and 7.14 show 
the development or soil water extraction and matric potential profiles respectively, with larger 
quantities or water removed below 0.5 m by the grass control. How representative these profiles 
are of the drying phase is open to some debate and requires further study, but they do indicate 
that in very dry summers, such as the one experienced in 1987, crops may suffer drought 
conditions. 
The artificial soil structures created by cultivation practices have a profound effect on the 
hydrology of an unstable silty clay loam. The soils of the experimental study area illustrate that 
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the depths or cultivation/ profile modification strongly influence the soil water redistribution 
processes. The rapid reduction in matric potential in response to rainfall at 0.2 m depth in the 
unloosened soil leads to an initiation or interflow at the base or the cultivated layer. This in turn 
accounts ror the rapid response or the unloosened soil to winter rainfall. Disruption or this less 
permeable layer by loosening has given rise to a greater, if temporary storage capacity and a 
more sluggish response to rainfall than observed ror the unloosened soil (Parkinson et al., 1988), 
which in turn will arrect the management or the soil in the autumn and spring periods (Twomlow 
et al., 1 988). 
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TABLE 7. 1 COMPARISON OF MONTHLY RAINFALL AND ACTUAL 
EVAPOTRANSPIRATION FOR THE GROWING SEASONS 1984 TO 
1987 
1 984- €5 1985-86 1986-8 
Month p ET P-ET p ET P-ET p ET 
mm mm mm mm mm mm mm mm 
October 119 26 93 6 26 -20 72 27 
November 180 13 167 69 20 49 I SO 17 
December 44 14 30 154 11 143 132 14 
January 7 1 10 61 144 2 1 123 12 14 
February 42 17 25 6 18 - 12 82 16 
March 106 35 8 1 67 30 37 84 3 1 
April 58 53 5 62 49 13 91 63 
May 45 70 - 25 72 87 -15 30 83 
J une 48 122 -74 77 10 1 -24 69 72 
July 47 7& -31 36 62 -26 44 92 
August Ill 60 51 103 47 56 6 78 
September 22 65 -43 33 46 -13 75 47 
Total 893 563 330 829 518 311 847 554 
( 9 1.8) (85.2) (87. 1) 
ET =Actual Evapotranspiration predicted by M.O.R.E .C.S for geographical area 189 
P =Rainfall 
P-ET=Rainfall excess 
( ) = percentage of long term mean 
P-ET 
mm 
45 
133 
118 
-2 
66 
53 
28 
-53 
-3 
-48 
-72 
28 
293 
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TABLE 7 .2 MEAN Wl NTER WATER CONTENTS (0-0.8 m) AND 
DURATION, 1986-1987, FOR LOOSENED, UNLOOSENED AND 
PERMANENT PASTURE (CONTROL) PLOTS 
~w S.E. Date of Return End of Durat1on 
to WMWC WMWC Days 
Loosened 371.2 4 . 8 26 October 19 Apr11 175 
n=20 
Unloosened 320.9 3 . 4 25 October 17 Apr11 174 
n=20 
Permanent 321.2 2.3 1 2 November 19 April 158 
Pasture n • 13 
(All water contents In mm). 
~w '"' Winter Mean Water Content (as defined by Re1d and Park1nson, 
1987) 
WMWC= Winter Mean Water Content 
TABLE 7.3 SELECTED SOIL WATER BALANCES 1986- 1987 
PERIOD 17.10-2410 24. 10 - 31-10 31. 10-7 I I 7 . 11-14 11 12. 12-19 12 
TREATMENT pp u L pp u L pp u L pp u L pp u 
I. RAINFALL <mm) 27.0 27.0 27 0 30.0 30.0 30.0 6.5 6.5 6.5 37.5 37.5 37.5 45.5 45 .5 
2. DISCHARGE <mml 0.0 3.3 1.5 0.0 10 .6 9.3 0.0 5. 1 3.0 0.0 17.6 13.2 0.0 29.1 
3 ESTIMATED ACTUAL $1 
EVAPOTRANSPIRATION (mm 7.0 7.0 7.0 7.0 70 70 5 .0 5.0 5.0 50 50 5.0 3.0 3 .0 
4 . ESTIMATED CHANGE $2 
IN SOIL WATER <mml 20 0 16.7 16.5 13.7 12.4 13.7 3.5 1.6 0.5 32 5 14.7 19.3 42.5 13.4 
5 . MEASURED CHANGE $3 
IN SOIL WATER (mm) 19. 1 15.0 18.0 13.0 I 1.0 13.0 7 2 3 . 1 1.4 12.2 13.3 17.2 I 0.3 5.1 
6. DIFFERENCE IN $4 
SOI L WATER (mm l 
-0.9 - 1.7 -0.5 -0.7 - 1.4 -0. 7 3 .7 1.5 1.9 - 20.3 -1.4 -2.1 -32. -8.3 
PP- PERMANENT PASTURE, U-UNLOOSENED, L -LOOSENED 
$ ! -Estimated Evapotransplrat Ion f or wInter wheat f or M.O.R.E.C.S. area 189 
$2 - row 1 -row 2-row 3 
$3-Estlmated soil water content from neutron probe measurement to 0.80 m 
$ 4-row 5-row 4 
L 
45.5 
27.6 
3.0 
14.7 
6.2 
-8.5 
19.02-26.2 24.04- 1 5 
pp u L pp u 
4.0 4.0 40 50 5.0 
0 .0 0.0 0.0 0.0 0.0 
40 4.0 4.0 22.0 22.0 
00 0.0 0.0 -17.0 -17.0 
-4.5 -3.7 -2.6 - 24.3 -14 5 
4.5 3.7 2.6 -7.3 2 .5 
22.05-29.5 
L pp u 
5.0 16.6 16.6 
0.0 0.0 0.0 
22.0 19.0 19 0 
- 17.0 - 2.€ -2.8 
-22.8 - 4. -I 7 
- 5.8 - I ~ 2.5 
L 
16 .6 
0.0 
19.0 
-2 6 
-3.3 
-o 5 
oD 
V1 
I 
-1 96-
TABLE 7.4 MEAN SO IL MATRIC POTENTIALS (0. I TO 0.6 m) FOR 
LOOSENED AND UNLOOSENED PLOTS FOR THE WINTER PERIOD 
1986-1987 
Loosened Unloosened 
Matr1c s.e Matr1 c s.e 
Potent1al Potent1al 
kPa n •8 kPa n"'8 
D_enth(mJ 
0 .1 -3.33 0 . 7 91 -3 . 1 0 0.596 
0.2 -1 .73 0 .464 -2.5 7 0.625 
0 .3 -2.23 0 .51 2 -3 . 28 0.576 
0.4 - 1 .4 8 0 .675 -2 . 3 3 0 .65 9 
0.5 - 0 .6 0 0 .551 - 1. 1 5 0 .498 
0 .6 0 .06 0 .573 -0 . 0 1 0 .643 
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PART V 
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CHAPTER 8 
DRAINAGE RESPONSE I - DRAINFLOW RESPONSES FROM 
UNLOOSENED AND LOOSENED PLOTS 
8. I I otroduct I on 
The successful control or soil water regimes In agricultural land depends upon the selection or the 
most appropriate drainage treatment in each situation. The hydrological response or such systems 
for a given drain spacing and depth will be influenced by a number of physical and environmental 
factors that have been described in detail by Wessel log< 1958) and Mooke et al., < 196 7). These 
conditions apply to a uniformly sloping experimental site for one drainage season. Many workers 
have attempted to characterise the behaviour of these drainage schemes by either detailed 
analysis of the draioflow hydrograph (e.g. Childs,l943; Le.eds-Harrisoo et a/.,1982; Reid and 
Parkioson,l984al, or more commonly by relating total storm draioflow to rainfall and water 
table height <eg. Wessel iog, 1958; Trarrord and Rycroft, 1973). Any secondary drainage 
treatments carried out are intended to supplement these permanent pipe schemes by the 
intentional modification of the soils physical condition <Trafford, 1975al. This normally Involves 
altering the hydraulic conductivity of the soil and the subsequent draloflow response. Such 
changes have been observed to occur when moliog, subsoiling, or, as lo the case of this study, 
soil loosening is carried out. The artificial fissures and fractures created, it is hoped, will 
facilitate rapid macropore flow to drain trenches and improve efficiency. 
Many of the field drainage studies that have been carried out In England and Wales since the 
1940's have concentrated upon comparing drainage schemes w lth and without mole drainage, or 
no drainage at all (e.g. Chi lds,l943; Trarrord and Rycroft,l973; Deonis et al., 1981 l. The 
hydrographs generated by these mole drainage systems have been shown to be flashy in nature 
<Twocock,l969;, Harris,l977l and vary with antecedent water content (Nicholsoo,l934; 
Childs, 1943; Reid and Parkiosoo, 1984al. This rapid response has been shown to be dependent 
upon macropores extending from the mole channel to the soil surface (Leeds-Harrison et 
al., 1982; Goss et a/.,1983). However, it has been reported that tillage operations may attenuate 
the resulting mole drain hydrographs by creating large draioable porosities that increase the 
quant lty or water Imbibed by the soil peds <Twocock, 1969; Shlpway, 1985; Leeds-Harrisoo et 
a/.,1986). Very few studies have concentrated on the effects subsoillng and soil loosening 
operations have upon the performance or a drainage system where soli conditions prevent the 
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format Ion of stable mole channels. Even the exceptions <e.g. Trafford, 1969; Robinson et 
al., 1985) are concerned with the development of square channels, and conclude that the 
subsoiling treatments were an inferior form of moling. 
This study has concentrated upon the wInter period of 1986/87, immediately after sol l loosening 
operations were carried out. Specific attention will be given to the processes of water disposal 
over this drainage season of twelve months duration, following the changes in soil physical 
properties that have been reported in Chapter 6. In this chapter the initial hydrological response 
of the soil to al drainage and bl loosening will be discussed with special attention paid to the 
effect soil loosening and antecedent water contents have upon the form or discharge hydrographs 
generated in response to winter storm events. In Chapter 9 a detailed analysis or drainflow 
hydrograph characteristics is made and loosened and unloosened sites are compared. The form of 
the hydrograph recession curves is described by an exponential function to assess the 
responsiveness of individual drain catchments. In addition the efficiencies of loosened and 
unloosened sites are also compared. 
8.2 The Hydrological Response or a Silt son to prajnage Treatment 
i) Response to prajnage 
The winter following the installation of the six lateral drains was used to allow the system to 
settle and recover from installation operations. This gave an opportunity to check that the 
catchments of each drain were hydrologlcally Identical by determining point discharges and 
recording storm hydrographs generated by Drains A,B,C and D between February 1986 and May 
1986. 
It has been assumed by some workers when dealing with non-cracking soils (e.g. Nicholson, 1934; 
Monke et al., 1967), that the first dralnflow Indicates a reduction of the soli water deficit to 
zero. The first drainflow response rrom the six drains was observed on the 29th November 1985 
in response to 25 mm of rain over a six hour period. This is seven weeks later than the median 
date for the return to field capacity estimated by M.AF.F. (1976) for Seale-Hayne College and 
reflects the less than average ralnfalls for the month of October 1985 <see Table 7.1 J. Following 
this Initial response all six drains were observed to run Intermittently in response to rainfall up 
until mid May 1986. Cessation of dralnflow coincided with a rapid Increase in the rate of 
evapotransplratlon, and has been reported for other drainage studies on different soil types and 
climates <e.g. Chllds, 1943; Reid and Parklnson, 1984al. Drain C was an exception in that it 
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continued to run for 12 days after the other drains had ceased. During the summer all six drains 
responded to a 40 mm rainstorm that occurred in one 24 hOur period towards the end of August 
1986. 
ill Hydrograph Form for Drajns AB and p 
Ideally the responses from the six drains should be similar with only antecedent conditions 
affecting the total quantity of drainflow (e.g. Nicholson, 1934; Childs, 1943; Monke et al., 1967; 
May & Trafford, 1977). However, Parkinson and Reid ( 1986) have shown that local ground slope 
can effect the behaviour of Individual drains within a drainage system. Considering the paucity of 
data collected for this period <see Section 3.3), the hydrological responses observed suggest a 
uniformity in drainflow response with the exception of Drain C (see Figure 3.4 and Table 3.4). 
The anomalous behaviour or this drain • due to groundwater seepage. was discussed in Sections 
3.7 and is excluded from the present study. 
Between April and May 1986 four storm rises were recorded in the dralnflow hydrographs for 
Drains A,B and D. The analysis or drainflow hydrographs has "been outlined previously in Section 
4.5 and follows the method or Holtan and Overton ( 1963). All hydrograph timings are relative to 
the centroid of each rainstorm. In Figure 8.1 single peak hydrographs for the three drains are 
compared. Two storms or similar magnitude were selected in order to illustrate the effects or 
antecedent conditions on drainflow. For both storms, the rainfall distribution is shown. Because 
there was no measurement of sol I water content at this time, antecedent conditions are assessed 
rrom the previous seven days rainfall. The storm on the 14th May 1986 occurred towards the 
end or the winter period when evapotransplratlon rates had caused soli water deficits to accrue. 
In the weeK prior to this event only 12 mm or rain had fallen. In contrast, the second storm which 
is shown in the lower portion or Figure 8.1 occurred three days after the first event when it is 
assumed that the sol 1 water store was recharged. 
The data for these two storms and others that occurred in April are given in Table 8.1. Despite 
the paucity or data <Table 8.1 land the consequent difficulty in establishing any statistically 
significant difference In drain response, it would appear that drains A, B and D respond in a 
similar manner. This similarity in drainflow response was repeated in the following winter for 
drains that had been treated the same. F'igures 8.2 and 8.3 show three storm rises in the 
hydrographs of Drains A,B,D,E and I' with the storm data given in Table 8.2. I' or clarity Figure 
8.2 shows the responses or the two unloosened Drains A and B, whi 1st Figure 8.3 shows the 
responses of Drains D,E and F which have been loosened to 0.4 m depth. Whi 1st it may be seen that 
soli loosenlng~s altered the form or the dralnflow hydrographs generated by the loosened 
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systems, lt was concluded that the slope or the Individual drains In this instance did not 
significantly effect their behaviour. A more detailed comparison or dralnflows from loosened and 
unloosened plots is made towards the end or this chapter, with statistical comparisons made In 
Chapter 9. 
8.3 comparjson of Qrajnf!ows from I oosened and Unloosened plots 
I) Physical and Environmental Factors That Control Qrajnf!ow 
The hydrological responses of the drains, with the exception or C, ror the first drainage winter 
suggest a uniformity or physical characteristics that control the processes of redistribution 
within the experimental site. The rapidity or response to a storm event <see Table 8. I J Implies 
that water movement occurs horizontally through the macropores of the cultivated Ap horizon 
directly Into the drain trench. This process has been proposed by many other workers <e.g. 
Flodkvist, 1934; Harris, 1977; Goss et al., 1983), which emphasises the use of permeable fill to 
connect the drain to the permeable surface horizons. In studies where cost has negated Its use, a 
deterioration in drainage efficiency has or ten been reported (Trarrord, I 971, I 972; Robinson et 
al., 1 985). 
For the second winter of the study the only source or variation between the experimental plots 
(disregarding Cl which could influence dralnflow were the physical responses or Drains D,F and F 
to soli loosening operations and antecedent water contents (See Figure 8.2 and 8.3). The only 
factors independent or soil loosening are the hydrometeorologlcal variables. 
Throughout the 1986-1987 drainage period, the maximum intensity and amount or rainfall or each 
storm was measured. A total of 42 storm events were monitored, 38 or which were classified as 
winter storms from soil water records. lt was later round that these storms did not approximate 
a normal distribution (Siegel, 1956) and median values are presented in Table 8.3. 
Non-parametric statistical analysis Indicates that there is a significant difference< sig. level 
<0.05 J between simple and secondary winter total rainfalls and maximum intensity. lt must be 
borne in mind when comparing hydrograph responses presented in the following sections that 
simple winter storms are slightly smaller, yet more Intense than complex winter ones. 
The infiltration capacity or both loosened and unloosened profiles was determined during the 
winter period. Although the data sets were not statistically different, the Infiltration curves 
presented in Figure 6.5 do suggest that Infiltration Into the loosened profile was greater. This Is 
In agreement with the Increased porosity of the loosened subsoil and Its more responsive nature 
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to rainfall In comparison to the unloosened so11 (See Figure 7.8). Throughout the winter or 
1986/87 on only two occasions was surface water apparent on the experimental area. For the 
vast majority or storms both loosened and unloosened soils were able to accept all winter 
rainfall. This surface water occurred once for both treatments on the 26th March 1987 when 
60.9 mm or rain fell over a twelve hour period, and again on the 3rd April 1987 for the 
unloosened plots when 44 mm of rain was recorded over a twenty four hour period. However, to 
be more precise, surface ponding was observed rather than overland flow. and this was 
attributed to thoroughly wetted profiles that were unable to accept any further additions of 
rainfall. 
Rates of evapotranspiration predicted for M.O.R.E.C.S. area 189 were considered negligibly small 
amounts during the months October to March. Mean values ranged from 0.3 mm per day in 
January to 1.05 mm a day in March (M.O.R.E.C.S. 1986-1 987). These monthly values are slightly 
higher than mean values estimated by M.A.F.F. ( 1976) for the experimental area, which ranged 
from 0.11 mm per day in January to 1.0 mm per day in March. Nevertheless. both data sets do 
forecast the high rates of evapotranspiration in April and May that may restrict drainflow due to 
the development of soil water deficits in surface· horizons. The effect of these 
hydrometeorological variables on the changing pattern of drainflow is discussed in the following 
sections. 
iil lnjtlatioo of Dralnflow From Unloosened and Loosened sons 
For non-cracking soils it Is generally accepted that the seasonal Initiation or dralnflow Is 
coincident with the attainment or winter mean water contents or field capacity ( Nicholson, 1935 
; Monke et al., 1967; White et al., 1985), as was assumed ror the winter or 1985/86. However, 
draioflow responses were recorded on 4 occasions following soil loosening for both drainage 
treatments prior to complete re-wetting. The winter mean period for the 1986/1987 drainage 
season is noted in Table 7.2 for both loosened and unloosened systems. Previous discussion in 
Section 7.3 has shown that discontinuities in profile permeability are responsible for these 
non-winter flows. During a rain storm, a rapid reduction in matric potential occurs in the surface 
horizons above the less permeable layer which Induces a rapid macropore flow in a horizontal 
direction towards the drains. Such responses have been more commonly reported for cracking 
soils (Robinson and Beven, 1983) and have been shown to account for significant proportions or 
total annual drainflow (Reld and Parkinson, 1984a,bl. 
Draiof lows were observed for both unloosened and loosened plots on 21st October 1986 in 
response to 7.5 mm of precipitation. After this period all the drains, with the exception of c. ran 
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intermittently In response to Incident rainfall. This early appearance or drainflow contrasts with 
the previous year when October rainfall was only 6.5% or the L.T.M. and reflects the variation In 
hydrometeorological patterns that can occur from one year to the next. Due to different flow 
regimes that developed following secondary drainage treatment, it was considered necessary to 
select an arbitrary discharge which could be considered a significant flow. This was 0.05 
mm.h -1. However, as only 4 storm hydrographs were recorded for the week prior to the 
attainment or winter mean water content, only a small Quantity or storm water was disposed or 
by non-winter storm routes for both loosened and unloosened drainage systems. Clearly then it is 
the winter drainflow that accounts for a significant proportion or the total annual drainflow 
regardless or secondary drainage treatment In these soils. 
Nevertheless, non-winter dralnflow cannot be disregarded. For example, the Quantity or nitrate-
nitrogen lost in the initial drainflows was significantly greater than that occurring under winter 
conditions (Pickford, I 987). This case applies to both loosened and unloosened treatments, 
although the concentration in loosened drainflow was considerably less than that rrom unloosened 
plots ( 12 mgr 1 against 30 mgr I l. The conseQuences or this leaching and the movement or 
nitrate-nitrogen will be discussed at greater length whE.'n the effects or loosening on land 
management are considered in Chapter I 0. 
i i i l Cessatjon of Ora Inflow 
For both years or the study drainflow was observed to cease with the increasing 
evapotranspirative demand ror water in late April and early May that led to the development or a 
soli water deficlt In the surface horizons. Although no soli water records were kept ror the I 986 
drying period, the departure from winter mean levels and the subseQuent drying fronts were 
recorded for both unloosened and loosened soils in 1 987 <see Sect ion 7.5). It is apparent for both 
treatments during this period that once drying begins any rainfall must sat lsfy all or part or the 
soil water deficit before excess water can move to the drains. Only on one occasion was 
drainflow observed for all drains during the summer period. This, as previously stated, was 
towards the end or August I 986 at the end or a wet summer (see Table 7.1 l. No dralnflow 
responses were recorded at all ror the summer or 1987. 
The lack or response from both drainage treatments ror the summer period can only be speculated 
upon. This Is because the detailed record is only for one yea~s duration and only reflects the the 
hydrometeorologial patterns for the 1986/87 year. In 1987 drainflow, with the exception or c, 
ror both loosened and unloosened plots ceased several days after the last significant storm event 
on the 7th April. A rapid progression or drying fronts to o.s m depth was recorded ror both 
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treatments by the middle or May, one month arter so11 water contents fell below winter mean 
levels. The lack or summer drainrlow suggests that for both loosened and unloosened soi Is water 
movement does not occur when significant soil water deficits exist within the Ap horizon 
Evidence from autumn recharge, albeit for one year, implies that recharge of the surface 
horizons can cause a movement or water to the drains. This is due to the development or 
hydraulic gradients between neighbouring horizons of different permeability (see Section 7.3). 
Therefore If summer dralnflow Is to occur the soil water deficit within the surface layers must 
be reduced to zero. For the unloosened soils this depth of recharge would appear to be restricted 
to the top 15 to 20 cm or the profile, whi 1st more evidence is required to determine the errect or 
loosening, which has been shown to dramatically alter vertical redistribution processes between 
the surface and subsurface horizons. 
it is difficult to relate this study to others due to the lack of detailed soil water records reported 
by other workers. A notable exception is Parkinson < 1984), who described similar relationship 
between the departure from winter mean levels and the cessation or drainage over four 
successive years for mole drained systems. This suggests th~t the close coincidence between the 
fall from winter mean water contents and the cessation or drainflow observed at Seale-Hayne 
College is repeated in other parts of the United Kingdom, albeit for a different soil type, climate 
and drainage system. 
8.4 Hydrograph form Following Soil Loosening 
The extent and nature of the transformation of hydrographs generated by a drainage system w i 11 
depend upon the soi I physical condition and environmental factors <Smefna and Rycrort, 1983). 
As the drains appeared to respond in similar hydrological fashion towards the end of the first 
winter, a uniformity or physical characteristics that control the processes of redistribution 
within the experimental site is suggested. Therefore any changes in the physical properties or the 
soil over individual drains will result in different drainflow hydrographs. Following the loosening 
of the soils over catchments D, E and F the form of the drainflow hydrographs was observed to 
change in comparison to those generated by unloosened catchments A and B. The results presented 
in the following sections describe these changes for one drainage season. Detailed analysis and 
discussion concentrate on the hydrograph forms generated over the winter period. 
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i) Simple Winter Storms 
Single peak hydrographs ror three storms or similar magnitude are shown in Figures 8.2 and 8.3 
for unloosened drains and loosened drains respectively. In addition total drainflows over 24 and 
48 hours are denoted for each drain. The hydrograph data for the three storms is presented in 
Table 8.2 and shows the similarity in response between catchments that have undergone the same 
drainage treatment. These storms were de11berately chosen to Illustrate the effects or antecedent 
conditions and rainfall distribution on drainflow during the winter period ror both loosened and 
unloosened drainage systems. All times are relative to the storm centroid and the rainfall 
distribution or each is shown. Storms I and 2 were specifically selected to show the effects or 
rainfall intensity on fully charged recharged profiles. Antecedent water contents for both 
treatments were above the winter mean levels defined in Section 7.4. In contrast, storm 3 shows 
the effect of increased storage when antecedent conditions are below the winter mean. 
In Figure 8.4 the hydrographs generated by unloosened Drain B in response to these three storms 
is compared with those generated by loosened Drain D. 
For storms I and 2 when the soil was fully recharged, Drain B <unloosened) produced rapid 
responses, which are indicated by the steep rising limbs of the hydrographs. However, inspection 
of hydrograph data in Table 8.2 reveals large within winter season differences in the three 
hydrograph parameters <ts, tc and Op) even though rainfall and antecedent conditions were 
similar. The distribution and intensity of rainfall cause the difference in the form of the 
hydrograph response. In contrast, the loosening of soil over Drain D caused a significant 
alteration In both the timing and magnitude of drain discharge. In the case of both storms, the 
loosened soil responded more slowly with delayed times to peak flow. despite similar start times 
to that of the unloosened sol!. Peak flows were reduced to 59 and 80:11: respectively of the flows 
observed for Drain B. This attenuation of the hydrograph forms generated by loosened plots (see 
Figure 8.3) reduced the total drainflow from the loosened soil for the 24 hour period after the 
. ~
storm centr01d1 \,owever. the prolonged flows of the11hydrograph recession resulted in more 
ltl..c. 
water being discharged over/\48 hour ~?<'-..;.~ • 
The drain hydrographs generated by storm 3 are markedly different in character to those 
generated by storms I and 2 (see Figures 8.2, and 8.3). lt is important to note that the drains 
were not running prior to this storm which suggests that the soils in both the loosened and 
unloosened systems were at or very close to winter mean water contents. This condition caused 
a more rapid initial response from the unloosened plot (see Table 8.2 and Figure 8.4), drainage 
occurring nearly 3 hours before the loosened plot responded to the storm event. Peak flow from 
Drain D Jagged behind Drain B by half an hour. In contrast to storms 1 and 2. however, although 
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the loosened soil responded more slowly, the time differential between the start or drainflow (ts) 
and concentration (tcl, the time or rise (trQtc-tsl, was 2 hours quicker. This was repeated 
throughout the winter period for similar antecedent conditions. The most notable features or the 
hydrographs generated were the magnitude or differences in peak discharge and the change in 
recession characteristics. This is clearly demonstrated by storm 3, when peak discharge from 
the loosened plot was only 33% or that of the unloosened system. with none of the prolonged 
flows reported ror storms 1 and 2. This effect or loosening repeatedly led to the unloosened soils 
having higher drainage efficiencies over both the 24 and 48 hour periods when the soil systems 
were not fully recharged. 
i il Complex Winter Storms 
The previous section has clearly shown that antecedent conditions within the winter period 
control the form or hydrograph generated by simple storms. Superimposed on this within seasonal 
trend are the effects or soil loosening. However, these trends are modified when a secondary 
burst or rain follows the first in quick succession. The rain causes a drainage response on the 
recession of the initial storm rise when excess water is sttll being held in the soil, and there is 
virtually no soil storage to be satisfied. Such multiple storm events have been observed to give 
quicker response times and higher peak discharges than for simple storms from a silt loam 
(Monke et al., 196 7). 
Two multiple responses for Drain A <unloosened) and Drain E (loosened) are shown in Figures 8.5 
and 8.6, the rainfall and hydrograph data of which are shown in Table 8.4. The lack of similarity 
between rainfall patterns and antecedent conditions for the two storms makes comparisons 
difficult, although they do clearly show the different response patterns between loosened and 
unloosened soils. The storm which started on 7th December 1986 comprised three bursts or rain, 
the second or which was the larger (5.5, 13.5 and 4.0 mm) with a wide spread or intensities 
(2.9, 4.5 and 1.8 mm.h-1) These bursts were separated by analysis or the rainfall charts, and 
each was re I ated to the hydrograph response. 
At the start of this storm, no significant drainflows (<0.05 mm.h-1 l were observed from either 
drainage system. Although the unloosened plot responded earlier to the initial burst or rain, the 
wetter, loosened soil achieved peak discharge first, albeit at only 46% of the unloosened. 
However, the prolonged nature or the discharge meant that the second burst or rainfall occurred 
during this time, causing an immediate response from the loosened plots. The unloosened plot, 
which had already started its hydrograph recession, was 0.5 hours slower in its second response 
<see Table 8.4 and Figure 8.5). Inspection or the hydrograph timings in Table 8.4 also shows a 
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rapid response to storm 3 by the loosened soil, although for a different sized storm. For both 
storms the loosened plots achieve peak, albeit at lower discharges, three and two hOurs earlier 
than the unloosened system. The attenuated form of hydrograph response from the loosened plots 
is very similar to that observed ror simple responses. However, for storms 2 and 3 the loosened 
plots achieved 90% of the unloosened peak flows compared to the 40 or 50% reported for simple 
storms. 
The second storm occurred when both soils were wetted and the drains flowing. Unfortunately, it 
is difficult to make direct comparison between this and previous events because of the lack of 
similarity in rainfall pattern and crop cover. On the 2nd April 1987, three bursts of rain ( 17.5, 
7.5 and 7.5 mmJ of similar intensity (2.4, 2.5 and 2.3 mm.h-1 J fell. The resulting hydrographs 
showed the typically Quick responses associated with the unloosened soils, and the flatter peak 
discharge of the loosened plot. Although the loosened plot again only attained 44% of the 
unloosened peak discharge for storm 1, the time of concentration was 0.5 hOurs Quicker. For the 
two subsequent rainfall events hydrograph responses from the unloosened soi 1 1 agged behind the 
loosened soil. This suggests that when the storage capacity of the loosened soil has been filled by 
previous rainstorms it concentrates water in the drainage lines more Quick Jy. Thus the next rise 
occurs before the first has been completed. Again this illustrates how the soil storage changes 
during a succession of rainfalls. 
iiil Non-Wjnter Storms 
Prior to the complete re-wetting of the experimental site drainflows responses from both 
loosened and unloosened soils were recorded for four storm events. These responses have been 
classified as non winter storms and comprised two simple and one complex event. The hydrograph 
data for these events is shown tn Table 8.5 for one loosened and one unloosened plot. The paucity 
of data and low rainfalls make it difficult to compare them to the winter hydrograph forms. 
Nevertheless, several statements can be made about the hydrograph parameters ts, tc and Op. In 
general, the drains all tend to respond quicker to the initial burst of rain but take longer to 
achieve a peak discharge. Superimposed on this is the effect of the greater storage capacity 
reported for the loosened soil which causes tts response to a rainfall event to Jag at least 2 hours 
behind that of the unloosened soil. However, the attenuation of the peak flow was not so apparent 
as in wtnter storms. A further point of interest which reQuires cautious interpretation is the 
effect of a secondary burst of rainfall (3 mml on the 24th October 1986 falling on the recession 
of a storm (5 mml that fell 4 hOurs previously on 23rd October 1986. Although higher peak 
discharges were observed, both treatments show a much more sluggish response than was 
reported previously for the winter period, which suggests different soil water pathways were 
responsible for the transmission of water to the drains. 
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8.5 Soj! Water Energy purjng QrajnOow 
The differences in hydrograph response reported for the loosened and unloosened soi Is can be 
explained in terms of so11 water energy. it has already been in suggested in Section 7.3 that 
discontinuities in profile permeability at depth cause hydraulic gradients to develop, which are 
responsible for drainflows prior to the complete re-wetting of both the loosened and unloosened 
profiles. 
Figures 8.7 and 8.8 show measurements of soil matric potential at mid and quarter drain spacing 
respectively for the storms or 14th November 1986 and 26th February I 987 for both loosened 
and unloosened plots. The hydrograph data and responses generated by these storms have been 
shown in Table 8.2 and Figure 8.4 respectively. These two storms demonstrate the different 
pathways soil water takes when the two systems are a) completely recharged (Figure 8.7a and 
Figure 8.8a) and b) at dynamic equilibrium or winter mean water content (Figure 8.7b Figure 
8.8bl. Unfortunately, the data set is incomplete, as all measurements were taken manually, but 
the general trend in soil water movement can be seen. 
The data presented for the profi !es on the 14th November I 986 clearly show that when the 
system is fully recharged, water entering the unloosened soil collects in the plough layer (Figure 
8.7a and Figure 8.8al. This is illustrated by the positive potentials that develop at 0.1 m depth 
very rapidly, whilst pressure heads at depth Jag behind and only rise to zero temporarily, if at 
all. The importance of this deep movement is reduced by the comparatively low porosities and 
Ksat values reported for the horizons immediately below the plough layer. This implies that most 
water entering the unloosened soil moves laterally through the A horizon due to the hydraulic 
gradients that develop. A similar pathway is suggested for the loosened soil, although the lower 
matric potentla!s recorded prior to the storm centroid and the reductions that take place to 0.30 
m depth three hours after indicate a greater proportion of Infiltrating rainfall is diverted to 
depth. This assumption is concomitant with the increased porosities and Ksats reported for the 
0.2 to 0.4 m zone of the loosened soil. The implications of this deeper diversion of water are 
twofold: firstly, the hydraulic gradients at 0.1 m depth are lower than those reported for the 
unloosened soil. Secondly, a transmission pathway develops in the loosened profile below the 
cultivated topsoil to carry water to the drain. These effects of loosening combine to produce 
several pathways which are possibly less well connected and longer than in the unloosened soil. 
In contrast, Figures 8.7b and 8.8b illustrate the phl.:gm .... tic responses of both drainage 
treatments when sol! water deficits create a zone of temporary storage, that Is both profiles 
were close to their equilibrium condition. once again the unloosened soil shows a rapid reduction 
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of matric potential at 0.1 o m depth, which is not reflected in lower horizons. This suggests, that 
even though hydraulic gradients have developed within the profile a greater proportion of water 
is absorbed by the soil matrix, which would account for the reduced drainflows observed. A 
similar trend can be seen to develop within the loosened profiles with an even greater proportion 
or rainfall being diverted into the soil store. Reductions in matric potential at 0.30 m depth 
occurred several hours earlier than in the top 0.20 m of the profile, implying that the response of 
the loosened drainage system is delayed until soil water deficits below the plough layer are 
satisfied. This increased zone of storage that retards dralnflow from the loosened plots would 
account for the smaller quantity of Br tracer recaptured over a 12 hour time period in 
comparison to the unloosened system. 
The overall result of profile modification is a retarded system. that has both a delayed time or 
start and more drawn out drainflow. which is emphasised when the rapid reductions and 
increases In matric potential reported for the unloosened soil are compared with the responses 
r or the loosened soi I. 
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TABLE 8.1 HYDROGRAPH DATA FOR 4 SIMPLE STORMS THAT OCCURRED PRIOR TO SOIL LOOSENING FOR DRAINS'A, B AND D 
TOTAL MAX INT 
DATE RAINFALL 
(mm h-I ) ts tc P (mml (h) (h) 
2 4 . 3 .86 I 7 .8 5 . 9 -0 .50 2.00 
21 . 4.86 7 .9 3 . 2 0.53 1.72 
I 4 .5 .86 I 6 .9 6 . 3 0.66 2.00 
17.5 .86 I 6 .3 5 . 2 0.58 10. 35 
O~· total dralntlow In 48 hours 
048/P• ert l c l ency 
DRAIN A 
Qp - I a~ 
cmm.h cmml 
0 .352 3. 15 
0 .428 4.98 
0.430 2.30 
0 . 6 76 13.62 
MAXINT• max imum halt hour ·,t'\""-. .:.._1. nt rainfall 
see Figure 4.6 tor explanation or hydrograph parameters 
048/P ts 
" 
Chl 
1 8 0 .00 
63 0 .63 
14 -0.83 
83 0.00 
DRAIN B DRAIN D 
tc Qp -1 a~ 048/P ts tc Cm~~h- 1 048 048/P (hl Cmm.h Cmml 
" 
(h) (h) Cmml 
" 2.25 0 .373 2.84 16 0.50 2 .75 0 .342 2.98 17 
3.72 0 .554 5.92 75 0.62 3.68 0 .388 6 .46 82 
1.83 0.3 19 2.77 15 0 . I 7 2 .00 0 .332 1 2 .86 1 7 
I 0.08 0 .6 I 1 10 .85 67 0.25 I 0.08 0 .554 12 .95 79 
I 
N 
N 
0 
I 
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TABLE 8.2. HYDROGRAPH DATA FOR THREE SIMPLE WINTER 
STORMS GENERATED BY LOOSENED AND UNLOOSENED ORAl NAGE 
SYSTEMS 
Date Drain Total Maximum A WIND 
Rainfall Intensity ts tc tr Op 
Content d0 
mm mm.h-1 m .3m-3 h h h mm.h-1 
Unloosened 
I 
14. 11 .86 A 15.5 9.3 0.003 3.56 5.33 1.77 1.059 
B 3.66 5.5 1 1.85 1.173 
12. 12.86 A 17.5 5.2 0.005 0.16 4. 16 4.00 0.665 
B 0. 17 4. 17 4.00 0.654 
26.02.87 A 15.5 4.4 -0.004 -0.91 4.75 5.66 0.558 
B -1.09 4.75 5.84 0.428 
Loosened 
D 3.66 5.83 2.17 0.69 1 
14.11 .86 E 15.5 9.3 0.009 3.08 5.33 2.25 0.596 
F 3.08 5.33 2.25 0.648 
D -0. 17 5.10 5.28 0.526 
12. 12.86 E 17.5 5.2 0.005 0.00 5.66 5.66 0.435 
F -0.56 5.06 5.62 0.487 
D 1.75 5 .25 3.5 0.123 
26.02.87 E 15.5 4.4 -0.003 1.08 5.42 4.34 0.212 
F 1.45 5 .83 4.38 0.128 
AWl NO• Antecedent soi 1 water 1ndex•d0•0-~w 
See F1gure 4.6 for an explanation of hydrograph parameters 
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TABLE 8.3. MED I AN VALUES OF TOTAL RA INFALL AND MAX I MUM 
HALF-HOUR RAINFALL INTENSITY FOR ALL WINTER DRAINFLOW 
GENERAT ING STORMS, 30TH OCTOBER 1986 TO 7TH APRIL 
1987 
All Simple Secondary 
Winter Winter 
Total Rainfal l 9.51 9.00a 1 0 . 13a 
mm 
Maximum Intensity 3.53 3.52b 2.58b 
mm.h-1 
Number of Storms 38 28 10 
a,b indicates values sign i f i can t ly different at the 0.05 leve l 
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TABLE 8.4. HYDROGRAPH DATA FOR TWO COMPLEX WINTER 
STORMS FOR ONE UNLOOSENED AND ONE LOOSENED PLOT 
Dr am Dat e Tot al Maximum A WIND 
Rainfall Intensi ty t s t c tr 
d0 
mm mm.h- 1 m. 3m-3 h h h 
Unloosened Drain A 
1 7 . 12.86 5.5 2.9 -0.008 -0.17 4.08 4.25 
8. 12.86 13.5 4.5 0.0 4.05 4.05 
8. 12.86 4.0 1.8 2.08 2.83 2.75 
2 2. 4.87 17.5 2.4 0.006 -0.58 6.83 7.41 
2. 4.87 7.5 2.5 1.42 2.53 1. 1 1 
3. 4.87 7.5 2.3 0.75 1.83 1.08 
Loosened Dr am E 
1 7. 12.86 5.5 2.9 0.003 0.66 3.66 3.00 
8. 12.86 13.5 4.5 -0.53 3.75 3.22 
8. 12.86 4.0 1.8 1.83 2. 17 0.34 
2 2. 4.87 17.5 2.4 0.008 0.75 6.09 5.34 
2. 4.87 7.5 2.5 0.50 0 .75 0.25 
3. 4.87 7.5 2.3 - 0.66 1.00 1.66 
AWIND= Antecedent so11 water mdex=d0=0-0w 
See Figure 4.6 f or an explanation of hydrograph parameters 
Op 
mm.h-1 
0.5 12 
0.622 
0.322 
0.873 
0.373 
0.428 
0.240 
0.568 
0.290 
0.388 
0.218 
0.317 
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TABLE 8.5. HYDROGRAPH DATA FOR TWO SIMPLE AND ONE 
COMPLEX NON- WINTER STORMS THAT OCCURRED IN OCTOBER 
1 986 FOR ONE UNLOOSENED AND ONE LOOSENED PLOT 
Drain Date Tot al Maximum AWl ND 
Rainfall Intensi t y t s t c 
d0 
mm mm.h-1 m.3m-3 h h 
Unloosened 
I 21 . 10.86 7.5 3. 1 -0.050 -3.00 4. 15 
2 23. 10 .86 5.0 3.5 -0.0 19 -3 .08 1.42 
24. 10.86 3.0 3.3 4.5 6 .22 
3 27. 10.86 5.5 3.2 * -2.08 3.08 
Loosened 
I 21 . 10.86 7.5 3. 1 -0.051 -1 . 12 6.50 
2 23. 10.86 5.0 3.5 -0.011 -0 .53 3.08 
24. 10.86 3.0 3.3 4.25 6.92 
3 27.10.86 5.5 3.2 * -0.08 4.75 
*-winter mean water contents achieved during or close to drainflow response 
AWIND= Antecedent soil water index=d0=0-0w 
See Figure 4.6 for an explanation of hydrograph parameters 
t r Op 
h mm.h-1 
7. 15 0.074 
4.50 0.223 
1.72 0.223 
5. 16 0.220 
7 .62 0.062 
3.61 0.044 
2.67 0. 199 
4.83 0. 159 
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CHAPTER 9 
DRAINAGE RESPONSE 11 :THE EFFECT OF DRAINAGE TREATMENT 
ON HYDROGRAPH CHARACTERISTICS 
9.1 Introduction 
Few studies In land drainage have assessed the detailed form of drain outfall hydrographs 
throughout a drainage year. Most workers having concentrated their attention on factors that are 
or an interest to agriculture, such as changes In the soil water regime and the control of the 
water table, describing, only in very general terms the hydrograph form (e.g. Arrowsmith, 
I 983; Harris et al., I 984; Robinson et al., I 985; I 987). Nevertheless, others have shown that 
such descriptive investigations of the hydrograph provide valuable insights into the pathways 
that soli water takes to a drain <e.g. Childs, 1943; Leeds-Harrison et al., 1982; Reid and 
Parkinson, 1984al. Although much of this work has focussed attention on drainage schemes 
where mole drainage forms the secondary drainage treatment, it has enabled the development of 
predictive models (e.g. Jarvis and Leeds-Harrlson, 1987a,cl. These have been successfully 
used to predict the effects of cultivation upon peak drainflow and soil water storage 
(Leeds-Harrison and Jarvis, I 986) following field observations and laboratory simulations by 
Shipway (I 986). Consequently, having described the general forms of winter hydrographs from 
loosened and unloosened drainage systems it is thought appropriate to systematically analyse 
timings, peak discharges and total drainflows. This will allow statements to be made about the 
effect profile modifications have had on drain flow hydrograph response characteristics, 
subsurface water movement rates and efficiencies. 
For the year immediately following soil loosening there were 42 rises recorded in each of the 
five dralnflow hydrographs in response to storm events, 38 of which were classified as winter 
storms rrom soil water records. Due to the low number of of non-winter events, four In total, 
analysis concentrated on the larger winter group. This group was further subdivided Into simple 
winter hydrograph rises (28) and secondary winter rises ( IOJ, where closely spaced bursts of 
rain cause a drainage response on the recession of the initial storm rise. However, due to the 
exclusion of Drain C from the data set and some instrument malfunctions sample sizes do vary 
for individual drains, and particularly between drainage treatments. The size of data set for each 
drain and treatment for the time or start is shOwn in Table 9.1 
To test tor significant differences between the data sets using parametrical statistical 
techniques, the data must approximate a normal distribution (Siege I, 1 956; Hollander and Wolfe, 
I 973). Neither logarithmic or square root transformations, revealed normal distributions 
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consistently throughout the data set. Therefore, the data sets were ranked and median values 
calculated. Non-parametric tests were used to establish the significance of any differences in 
drain response between treatments. The techniques used were chosen for their ability to deal 
with data sets of an uneven size. Initially the relationship between the five drains <A.B,D,E and Fl 
was assessed using the Kruskal-Wallis test (Hollander and Wolfe,l973l. Although this test 
showed that there was a difference between the five drains, it fails to Identify which drains 
behaved differently. Therefore a distribution free multiple comparison based on the 
Kruskai-Wall is rank sums (Zar,l974l was carried out for each hydrograph parameter. This test 
--
showed that drains that had undergone the same drainage treatment were related to each other at 
the 95% probability level. Unfortunately this test is subject to type one errors and requires 
cautious interpretation. An additional test, the Scheffe Multiple Contrast <Zar,l974l was 
employed to assess any significant differences between drainage treatments. 
9.2 SoJI and Enyjronmental Factors that Effect Qrajnf)ow Resoonse 
Bands< 1973) first stated that the shape of winter drainflow hydrographs is a function of total 
rainfall and maximum Intensity. However, no detailed analysis which described this functional 
relationship between rainfall and drainflow was made until 1984, when Parkinson ( 1984) carried 
out intercorrelations between total rainfall, maximum rainfall intensity and hydrograph 
parameters for two networks and six laterals. Having compared the response for loosened and 
unloosened plots it was realised that an Indication of storage capacity for both drainage systems 
prior to each storm was required. Therefore an index of antecedent soil water conditions was 
calculated for both loosened and unloosened systems and was termed del, the difference between 
observed soil water contents (ell and the winter mean (elwl. This removed the observed 
increases in water content reported for the loosened profiles and gave an indication of storage 
potential. The intercorrelation between total rainfall, maximum intensity, antecedent soil water 
Indexes and hydrograph parameters <ts, tc, tr and Opl ··~ given In Table 9.2. 
If it is assumed that the same initial sol 1 and sol 1 water condlt ions occur at the beginning of a 
storm, and that the time to start <tsl of a drainage response occurs before rainfall ceases, ts 
should be independent of the storm size. However, superimposed upon this assumption are the 
effects of temporary storage zones for both loosened and unloosened soils that will influence this 
relationship according to antecedent storm conditions. Broadly speaking, it would appear that ts 
for simple storms is independent of maximum intensity for both drainage treatments, although 
unloosened soils do show a significant (sig. level<O.OSJ negative correlation to total rainfall and 
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antecedent soil conditions. This suggests that drainage responses from the unloosened system will 
occur more quickly to rainfall because of a lack of temporary storage, especially when the 
system Is recharged. This is reflected In Figure 7.8, which shows that the soil water store of the 
loosened system Is more responsive to additions of rainfall. In contrast, for secondary storms 
the unloosened ts shows a high negative correlation to both rainfall amount (sig.level<O.OO I land 
intensity< sig.levei<0.05l. This increased sensitivity or dralnflow response to rainfall was 
attributed to the fact that secondary storms were significantly larger than simple ones, and any 
temporary storage capacity of the unloosened profile was already filled by the storm event that 
had caused the first rise in the hydrograph. This allows a more rapid concentration of water into 
drainage routes within the soil profile. 
The tc and tr of both treatments show a much more complex pattern or relationships to total 
rainfall and intensity due to the interaction or antecedent water conditions. In general, both tc and 
tr for unloosened plots show higher levels of correlation for simple storms compared to the 
loosened plots. The consistent negative correlation with intensity combines with the restricted 
zone or storage to produce faster drainflow responses, particularly for heavy rainfall. The lower 
correlations reported for loosened plots is expected as the greater storage capacity causes a 
slower response , even ror heavy rainfalls. 
lt is interesting to note that these correlations patterns do not apply to secondary winter storms. 
\(' .. v;;. ....... -.. 'I<:. 
The poor negative correlation with intensity reported for tc and tr · simple storms 
becomes positive and significant with the exception of unloosened tc. Both total rainfall and 
intensity show stronger correlations with loosened tc. Assuming that both systems are saturated 
at the start or the second storm, then correlation between total rainfall and tr is simply a 
runct Ion or balancing inputs against outputs. This argument is strengthened by the consistent 
negative correlations or antecedent water content to both tc and tr. What is difficult to explain is 
the lack or significant correlation between intensity and unloosened tc- However, it is clear that 
once the temporary soi I water reservoir is fully occupied, particularly in the case or the 
loosened soi Is, tc and tr are controlled by total rainfall and intensity. 
Strong positive correlations are apparent for all storm peak discharges with the exception or 
unloosened antecedent water conditions ror secondary storms. Table 9.2 shows that for both 
simple and secondary winter storms, Op is positively correlated to maximum rainfall Intensity. 
Throughout the data presented in Table 9.2 the unloosened plots show stronger correlations for 
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each storm type, which is reflected in the consistently higher peak discharges. What is more 
difficult to explain, is the low negative correlation of Qp to unloosened antecedent water 
conditions for secondary winter storms. particularly when the strong positive correlation to 
intensity Is considered. This suggests the infiltration capacity of the profile has not been 
exceeded, and the only possible explanation then, is that during these secondary storms the soil 
water storage zone becomes full. The water that cannot enter the soil system is diverted into 
surface depression storage until it can enter the profile. From an hydrological point of view it is 
worth noting the Inter-relationship that existsJ '""""""'"for agricultural purposes it is more useful 
to compare total discharge with total rainfall and maximum intensity, which will be discussed in 
Section 9.6. 
9.3 Effects of Loosening on Hydrograph Tjmjngs 
Drainage is recognised as a series of complex processes by which rainfall passes through the soi I 
water system into field drains. The response of an individual drain to rainfall is not instantaneous 
and will depend upon the soil"s temporary storage capacity .. The first part of rainfall is stored in 
drainable pores that hold water against gravity or as groundwater under the rising water table. 
This effect causes a Jag in drainflow response. which. for ideal conditions rises exponentially 
with the rising water table (Chllds, 1969). lt is during this period that the greatest 
transformations. to the rapid fluctuations in rainfall, take place to produce hydrographs with 
smooth rising and falling I imbs. The extent and nature of these changes are dependent on the 
drainage system and sol 1 type. Any disrupt ions to the natural soi I structure w i 11 change the 
interrelationship between water storage and drain response. The following sections discuss the 
effects soil loosening has upon the draioflow hydrograph parameters ts. tc. tr and Op. 
i J Tjme of Start. ts 
Median, minimum and maximum time of start values for the loosened and unloosened drains are 
given in Table 9.3. This data was collected over one drainage season, 1986 to 87. Inspection of 
median times of start values In Table 9.3 illustrate the effect soil loosening has had upon the 
initial drain response to rainfall. Foro')~."...,_ storms that occurred over the winter period the 
unloosened sites responded 0.1 hours quicker than the loosened plots. Although this slower 
response of the loosened plots is not large it is significantly different (sig.level<O.OSJ, which 
indicates some major difference in the soi 1 water pathways. 
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When the data set is broken down into simple and complex winter storms the effects of soil 
loosening can be more readily distinguished. Although the loosened soils were 6% wetter 
throughout the winter period <see Section 7.3l, these higher water contents did not encourage 
faster rates of water movement. In fact, for all simple winter storms unloosened drains 
responded 0.42 hours quicker, which was significant at the 0.05 level. This difference in 
response between the two drainage systems can be attributed to alterations in soi I physical 
properties brought about by soil loosening to 0.4 m depth. This disruption increased the volume 
and continuity of macropores In the subsoil, which altered redistribution processes and the 
volume of temporary storage, whilst in the unloosened plots, the comparatively low Ksat of the 
s 
subsoil Immediately below the plough layer restric~transient storage to plough depth, that is 
0.15 m. Consequently, less rainfall is required to bring about saturated conditions within the 
unloosened systems, prior to the initiation of drainflow. The dominant role of this Ap horizon in 
promoting rapid water movement above an impermeable subsoil was first described by Flodkvist 
( 1931, 1936) and has been reemphasised time and again <e.g. Rot he and Phi lip, 1933; Trafford 
and Rycroft, 1973, Goss et al., 1978; Parkinson and Reid,i986l. 
An inspection of the data In Table 9.3 reveals clear differences between simple and secondary 
winter storms for both loosened and unloosened plots. As is expected from previous studies 
(Monke et a/.,1967;Reid and Parkinson,1984al, the higher Initial water contents at the start of 
the secondary storms cause a quicker response from both drainage systems than for simple 
storms. it is interesting to note that following the recharge of the temporary storage zone the 
response time of the loosened plots was reduced by 0.62 hours, compared to 0.16 for unloosened. 
No significant differences occurring between drains or within treatments. The differences 
between simple and secondary rises for all drains and treatments were significant at a level of 
0.05. 
Actual start times relative to the P50 or start of a rainstorm vary widely according to the 
intensity of the rainfall and the antecedent soil water contents. An extreme example, when both 
soils were above their winter mean water contents is the event of 16th November, 1986 when 8 
mm of rain fell In 2 hours, with a maximum intensity over a half an hour period of 4.0 mm.h-1. 
Unloosened plots responded within one hour of the beginning of storm while loosened plots 
responded 0.16 hours after its end. This clearly indicates that although 1 itt le instantaneous 
storage takes place, a greater proportion of water entering the loosened plots is diverted along 
more circuitous routes. Throughout the period of study the loosened drainage systems 
consistently lagged behind the unloosened drainage systems in their response to rainfall. 
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ii) Time or Concentration. tc 
The time or concentration <tcl is a measure or the promptness that the bulk of storm water 
passes through the so11 system, & response that is the result of several subsurface storm routes 
that contribute to dralnflow. In conjunction with Op lt provides an estimate of the average 
velocity of water movement along these pathways, whilst ts gives a good indication of which 
routes are being used. Rain falling directly above the drains passes vertically downwards into the 
drains via the permeable fill. Water falling between the drains moves by three possible routes. 
Figure 9.1 illustrates the suggested transmission pathways for both unloosened and loosened soils 
during the winter period. Thew ldth or arrow Indicates the Importance or each route, fl revlous 
discussion having shown that soil loosening has modified the redistribution processes that occur 
and the hydraulic gradients that develop within a profile <see Figures 8.7 and 8.8). In unloosened 
so11, most water entering the profile moves laterally through the Ap horizon above the plough 
sole and into the drain trench, as the low Ksat value of the B horizon reduc~ the importance of 
deeper transmission routes. In contrast, although a proportion of rainfall does move as shallow 
interflow in the loosened soil, a greater proportion is diverted to depth due to the enhanced 
conductivity of the profile. This deeper redistribution of water invokes a second lateral 
transmission pathway towards the drain trench. However, this second pathway appears more 
circul tous, Herve ( 1 981 l pointing out that prof lie modification does not always accentuate the 
rapid movement of water to drains. This routing of water along several pathways, one of which 
is longer, results in a more drawn out drainage response. 
As was the case ror start times, the unloosened plots exhibit the fastest times or concentration, 
which for both simple and complex storms are significantly different (sig. levei<O.OSl to the 
loosened plots <see Table 9.4). Nevertheless, for both treatments secondary storms peak about 
1.5 hours earlier than simple ones, a response that is to be anticipated, as the soils are saturated 
and flow lines to the drains are already concentrated by previous storms. it is interesting to note 
however, in contrast to times or start, that the loosened soils are still 0.33 hours slower than 
the unloosened soil. This point corroborates the assumption that a greater proportion of 
rainwater is diverted below the plough layer along more circuitous routes, which delays its 
arrival at the drain. However it should be stressed that no single flow route can be identified as 
causing the tc values 1 isted In Table 9.4-. 
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iii) Tjmeof Rise tr 
The time of rise, tr, describes the speed with which the storm wave develops within a profile 
trom the Initial response to the attainment of peak flow. lt may be thought of as describing the 
flashiness of the system. However, due to differences in distribution or the data about the 
median, it is not possible to compare median values or tr used in statistical analysis against 
values of tc and ts· For this reason, the arithmetical differences of median values tc tots were 
used to calculate tr values given In Table 9.5 Therefore the data does not show the consistent 
trends described for tc and ts in the case of simple and complex storms. 
For all storms the loosened plots showed a less flashy response. The median time of rise was 
0.47 hours slower than the unloosened plots, a difference that was significant at the 0.05 leve~ 
u trend consistent with other hydrograph parameters discussed previously. In contrast, no 
significant differences were observed between drains or within treatments tor simple storms. 
This similarity in median tr belles the form of the hydrographs from both systems. Loosened 
hydrographs have gentler rising limbs, attenuated peaks and gently sloping recession limbs, a 
form that sharply contrasts the flashy hydrographs reported tor the unloosened systems. The 
only explanation is that the shape of the loosened hydrographs made it difficult to accurately 
pinpoint the tc due to the flattened nature of the peak (see Figure 8.4). 
This was considered a minor problem when the median tr tor complex storms are considered. In 
contrast to simple storms, all the drains, irrespective of treatment behaved in a more 'flashy' 
manner. This unequivocally reflects the higher water contents at the start of the secondary 
storm. With the system fully charged, little or none or the water is directed into temporary 
storage, and a rapid rise results, although the deeper transmission routes of the loosened soils 
still caused a significantly slower rise. The unloosened plots respond 0.2 hours quicker, which 
was significant at the 0.05 level. 
9.4 The Effect of I oosenjng on Peak Discharge 
A number of environmental factors have been recognised that influence the peak discharge of an 
agricultural drainage scheme. Of these, catchment size and slope have been observed to dominate 
the effects of raintal I amount, intensity, antecedent soi I water conditions and macropore 
development (Monke et al., 1967; Parkinson, 1984). In plot experiments, however, where the 
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effects of size and slope are minimised, it has been shown that the artificial cracks created by 
mole ploughs fac11 itate the rapid movement of water to drains, thus affecting peak flow rates 
(Leeds-Harrison et al., I 982; Goss et al., I 983). In contrast, the creation of macropores by 
cultivation or profile modification have been observed to reduce peak flows when compared to 
sites that have the same drainage system but are undisturbed. Although these effects are less 
well documented and are primar11y descriptive (e.g. Nicholson, I 934; Harris, I 977; Robinson et 
al., I 987}. ~he few exceptions all report a reduction in peak discharge, which has been observed 
to range from ·10% for shallow tillage (Shipway, 1986) to greater than 70% following profile 
modification to 1.0 m depth <Rogers and Stew art, 1 974l. 
Median peak discharges for the five drains A,B,D,E and Fare shown in Table 9.6. An inspection of 
the data gives a clear indication of the effect of loosening to 0.4 m depth upon peak 
discharge. For both simple and complex winter storms loosened plots attained median peak 
discharges significantly lower<sig.levei<O.OSl than the unloosened plots. For simple winter 
storms this is only 60%. This reduction suggests that during the winter period the temporary 
storage capacity of a profile influences the magnitude of peak discharge that can be expected 
from a drainage system. The act ion of loosening, which iocreased the temporary storage zone 
from 0.15 m in the unloosened plots to 0.40 m depth in the loosened plots, caused the attenuation 
of the peak hydrograph response. This change in the hydrograph form was demonstrated in Figure 
8.4 for a range of antecedent conditions. 
The highest discharges for both treatments, as anticipated from rainfall data given in Table 8.3 
was from secondary winter storms, which were significantly larger than observed for simple 
storms. This demonstrates that the higher water contents at the onset of a second storm results 
in less water being diverted into the soil storage reservoirs and a larger proportion of the 
rainfall becoming drainflow. However, what was surprising was the magnitude of difference in 
peak discharge between the loosened and unloosened systems, as it was presumed that rain falling 
on recharged profiles would cause similar responses. Instead, the loosened plots only attained 
46% of the median peak discharge observed for unloosened plots. This suggests that even when 
the profiles are recharged, the zone of disruption to 0.4 m depth has a considerable influence on 
peak flow rates, which will in turn influence the quantity of water discharged over a set time 
period. 
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9.5 The Effect of So1! Looseojng on Recession Characteristics 
The recession limb of a draioflow hydrograph reflects the depletion rate of rainwater that has 
been temporarily stored in the soli profile. Its shape is a function of the retention properties of 
the soil under study and will vary with antecedent conditions. Any changes in the soils physical 
properties will cause a consequent change In the character of the recession. For Isotropic soils, 
draining in the vertical plane, it has been demonstrated that the changes in water content are 
linearly related to the logarithm of time <Gardner et al., 1970al. More commonly, agricultural 
sol Is are typif led by well structured Ap horizons overlying slowly permeable subsoi Is. This 
layering, encourages redistribution to take place dominantly in the horizontal plane until a sink Is 
found. For artificially drained soils this may be the drain itself or the mole leg slot. 
Although the recession limb of the hydrograph represents the delayed flow, and gives a good 
Indication of subsurface conditions, few workers have attempted to analyse the recession curves 
of drain hydrographs. Those that have, have all found that the recession curves approximate a 
straight line, when the logarithm of discharge is plotted against time. The slope of the lin+:simply 
expressed by an exponential function <Rycroft, 1971 b; MBy and Trafford, 1977; Parkioson, 
1984). A notable exception was work by Boughton and Freebairn ( 1985), who identified 
different flow paths according to the steepness of the recession. This technique required accurate 
measurements of flow at 5 minutes intervals along the recession. With the recording apparatus 
used in this study, such a data set could only have been obtained with any certain objectivity 
from the event recorder on the tipping bucket of drain F. Therefore, to this study each 
hydrograph recession was characterised by 8 points at increasing time intervals after the 
inflexion of the hydrograph peak. This was the minimum number of points required to produce 
smooth curves from the loosened plots. Only simple hydrographs were analysed. 
lt was found that the hydrograph recession curves for drains A, B, D, E and F were most closely 
described by the exponential function. Equations, for individual drains, for a total of 22 simple 
storms analysed are given In Table 9.7.The exponential equation used Is shown below, 
Ot = Oo.bt Equat ton 9.1 
where Ot =discharge at timet(.'<"-... ) 
oo = theoret teal discharge at storm centrold Pso C.""""".~"'') 
bE exponential constant (the smaller the constant, the steeper the recession curvel. 
As anticipated rrom the detailed discussion or the hydrograph characteristics, the form of the 
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recession curve Is arrected by soil loosening. In contrast to drains A and B. the loosened drains 
consistently show shallower recessions (larger exponential functions). This is an indication that 
in addition to reducing the responsiveness or the drainage system to rainfall, loosening slows the 
rate or water movement throughout the whole drain catchment area. This overall trend reflects 
the complicated process or water redistribution and temporary retention following the 
modification or drainable pore space to 0.40 m depth, during the winter period when soils are 
close to saturation, and the volume or transient storage Is at a minimum. 
Previous detailed discussion has shown that throughout the winter period both systems oscillate 
around a winter mean water content (see Section 7.4). This is a dynamic situation, with both soil 
systems continually striving to return to an equilibrium condition following rainfall, which was 
demonstrated in Figure 7.8. Therefore, concomitant with these changes in soil water content are 
corresponding changes in the volume or pore space in the soil available ror water storage against 
gravity. In Table 9.7 this is indicated by the antecedent soil water index, which was derived from 
the difference between observed water contents and the winter mean level (d0;fiH3wl. The 
general trend ror unloosened plots is that ror a given peak discharge the exponential constant 
decreases (equivalent to an increase in recession slope) as the antecedent water index increases. 
The reverse occurs as the antecedent water index falls. indicating that more storage space is 
available and drainage efficiency is reduced. These trends are accentuated by soil loosening. For 
increasing antecedent water indexes the exponential constant decreases, but never to the same 
extent. This suggests that when both systems are recharged, depletion rrom the loosened plots Is 
a prolonged process, as was shown in Figure 8.4 ror a storm event on 14th November, 1986. 
However, ror decreasing soil water contents the exponential constants or the unloosened plots 
increase <equivalent to a decrease in the slope or the recession>. This suggests a greater 
absorption or water and a slower rate or depletion from the soil water store. In contrast, ror the 
loosened plots, although a similar pattern occurs, in extreme examples the exponential function is 
smaller, which denotes a steeper slope attributed to the greater zone or storage. In general, ror 
recharged conditions the unloosened plots exhibit a flashy response in the winter when soil water 
contents were above the winter mean. This flashiness declines with decreasing soil water 
contents and increasing storage capacity as increased evapotransplration rates causes the 
development or soil water deficits. 
These changes in the rorm or recession curves to antecedent conditions, contradict descriptions 
or drain hydrograph recessions made by Rycrort ( 1971) and Parklnson ( 1984). Both describe a 
steepening or the hydrograph recession In response to soil water deficits and increased storage 
capacity. This is not surprising, as both studies were carried out on uncultivated clay soils, 
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where mole drainage systems formed the secondary drainage treatment. The same mechanisms 
obviously do not apply to the soils and drainage treatments of this experimental study. As 
. demonstrate~ it Is the soil water deficits In the permeable surface horizons that control 
flow, rather than desiccation cracks that can bypass the bulk of the soil matrix and cause a 
drainage response at the height of summer in mole drained soils. 
Having described the effects of antecedent conditions upon the hydrograph characteristics of 
loosened and unloosened drainage systems it is apparent that the two systems differ in behaviour. 
The sluggish behaviour of the loosened system affects the magnitude of drainflow, and ultimately 
leads to a wetter profile, that will affect soil strength. In the following sections the effect of 
loosening on the efficient disposal of excess rainwater w i 11 be discussed. 
9.6 Effects of Soj I Loosening on Total Drajnflow and Fff jcjency 
il Cultivation and Total Draioflow 
The effects of land management on the efficiency of drainflow response are poorly documented, 
v:>•\\' '"'""~'' drainage experiments, particularly those conducted by the Field Drainage 
Experimental Unit, concentra~on assessing drainage efficiency in terms of crop yield, 
trafficking or susceptibility to poaching. The few exceptions prove contradictory with reference 
to the presence or absence of cultivation on drainflow patterns. lt is acknowledged however, that 
distinct differences in soil physical properties will occur under different arable cultivations 
(Douglas et al., 1986) as well as grassland (Law, 1972). 
The earliest report on the effects of land management on drainflow response was made by 
Nicholson ( 1943bJ, who pointed out that arable land tended to dispose of water much more slowly 
and produce less intense runoff than grassland. In contrast, Rands ( 1973) stated that even thOugh 
management influenced the form of the hydrograph generated, there was virtually no difference 
in drain discharge patterns between grassland and arable systems. This lack of response to land 
use change was reemphasised by Harris ( 1977), who indicated that ploughing had no effect. 
However, more recent work (e.g. Reid and Parkinson, 1984a; Leeds and Jarvis, 1986; Shipway, 
1986) has reported similar responses to those observed by Nlcholson following cultivation. 
Previous discussion has shown that sol I loosening changed the form of the drainflow response 
generated by drains at a 20 m spacing and 0. 7 m depth. A study of these hydrograph parameters 
highlighted the different disposal processes that were observed to occur. For the loosened soils it 
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was noted that the hydrograph response Is less flashy than the unloosened soil, with a more 
drawn out recession limb. This feature suggests that slow diffusive flow plays a significant part 
In the redistribution of rainfall to drains In loosened soils. In contrast, the relative efficiency of 
the unloosened soil was Indicated by noting that the recession limb of the hydrograph \~ 
almost the same as the rising limb . These descriptions of median hydrograph parameters alone 
do not quantify the ability of the two drainage treatments to rid themselves of rainwater in 
excess of the equilibrium condition. However, the total drainflow resulting from an isolated 
rainstorm does provide an accurate measure of drainage efficiency for discrete time intervals. 
The total drainflow after a 24 hour time period from the start of the hydrograph rise is normally 
used to assess the efficiency of a drainage system. The quantity of water removed by a given 
drainage scheme over this time period is termed the design rate <Rands, 1 973~ ..d...-.... '"-is usually 
expressed as an equivalent depth of water per unit time, for example mm.day-1 and requires the 
delineation of individual drain catchment areas. Determination of total drainflows was outlined In 
section 4.5. However, because of the difference in response characteristics observed for two 
drainage treatments the method was modified. Total drainflow was determined by integrating 
under the hydrograph for each drain system from the start time to 24 and 48 hours after the 
storm centroid, unless the recession ceased before these times <see definition sketch Figure 4.6). 
This allows direct comparisons between the two drainage treatments to be made for a common 
time period. The centroid or each storm event is the same for each of the five drains. Of the 20 
simple winter storms selected for analysis, total drainflows over 48 hours could only be 
determined for 14 or the storms, as additional rainfall caused a further response, within 48 
hours of the previous storm centroid. 
ii) The Effect of Soli Loosening on Drajnage Effjcjency 
Drainage efficiency was calculated according to a method outlined by May and Trafford ( 1977) 
using the following equation : 
Drainage efficiency= Qx. 1 oo 
Oy 
Equation 9.2 
where Ox~ actual drainflow for a set time period, mm. 
ay· potential drainflow ·(winter rainfall- evapotransplration- dlill,mm. 
The assumptions of this equation have been discussed previously in connection with the anomalous 
behaviour of drain C. it is sufficient to say that if a drain proves more than lOO% efficient 
either:-
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al the catchment area has been delineated incorrectly or 
bl foreign water is entering the catchment at some point. 
In addition to the time periods or 24 and 48 hours, a study or changing efficiency with time was 
made ror 6, 12 and 18 hours after the storm centroid. Median efficiencies over the set time 
intervals tor both loosened and unloosened systems are shown in Table 9.8. With the exception of 
the 48 hour time interval, loosening was shown to significantly< slg.levei<0.05l reduce drain 
efficiency. This reduction over the short term period <s 24 hours) reflects the more sluggish 
behaviour previously reported for hydrographs generated by loosened drains. Although the 
differences over this short time period are not phenomenally large they do indicate that more 
water is retained by the loosened soil matrix. 
In contrast, the prolonged nature of the hydrograph recession reported for antecedent conditions 
above the winter mean water content results in higher, although not significantly different 
efficiencies, over the 48 hOur period. These differences can be attributed to the apportionment of 
drainable pore spaces within the two systems, that act as transient stores of rainwater. For the 
unloosened soils this temporary retention zone is shOwn to be restricted mostly to the depth of 
the plough pan, that Is 0.15 m depth. Disruption by loosening, however, created additional storage 
capacity below this depth, down to 0.40 m. As a direct result, sol I water pathways have been 
altered, a response that has been shown to effect hydraulic gradients within the plough layer and 
hence the redistribution process. Superimposed on the general trends described in Table 9.8 are 
the effects of antecedent soil water conditions. This Is reflected in the range of efficiencies 
reported for each time interval and implies a more complicated relationship between total 
drainflow and soil water contents than is suggested by the median values reported. 
The effects of these antecedent conditions on drainage efficiency over the short term (24 hours) 
and longer term (48 hoursl can now be discussed tor unloosened Drain B and loosened Drain D. 
These two drains were chosen as they were considered representative of their respective 
drainage systems over the winter period and they had similar variations in sol I depth <see Table 
3.3). Total drainflows tor up to 20 winter and 2 non winter storms are given in Table 9.9 along 
with the storm data and antecedent soil water conditions. Soil water contents are presented as 
volumetric difference ( d0 l from the winter mean water content for each drainage catchment. In 
Figure 9.2 total loosened winter storm drainflows are plotted against total unloosened winter 
storm drainflows. Figure 9.2A represents the relationship over the short term (24 hours) and 
Figure 9.2B the longer term (48 hours). The slope or the least squares regression 1 ine indicates 
the volume of water discharged by the loosened system per unit volume discharged by the 
unloosened system. 
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Least SQUares regression Indicates that the loosened system discharges 0.864 and 0.945 mm for 
every 1.000 mm discharged by the unloosened system over 24 and 48 hour periods respectively. 
The fact that both discharge ratios are less than unity Indicates that the overall drainage 
efficiency of the loosened drainage system is less than that of the unloosened. A close inspection 
of the data in Table 9.9 reveals the controlling influence on total drainflow of the prevailing 
antecedent conditions. When both systems are fully recharged, that is when the temporary 
available storage capacity is reduced to zero, whilst the loosened profile may be less efficient at 
disposing of rainwater over the short term ( 24 hours>, over the longer term-48 hour period the 
extended nature of the hydrograph recession results in more water being discharged. This is 
shown in Figure 8.4 for two occasions during the winter. In contrast, when the soli water 
system is close to the eQuilibrium condition the temporary available storage capacity or the 
loosened profile results in lower efficiency for both the short and long term periods, as shown 
for storm 3 in Figure 8.4. 
If treatments effects are disregarded for this silty soil it is evident that total drainflow Is 
consistently less than half the total rainfall for both drainage systems (see Table 9.9). Whilst it 
may be held in temporary storage, a profile property increased by soil loosening, it should be 
disposed of before the next storm. This inevitably leads to speculation about the rate of the rest 
of the rainfall, particularly if evapotranspiration is considered negligible during the winter 
period. 
Table 9.10 summarises the components or the water balance for both unloosened and loosened 
systems for 5 rainstorms, when less than half the rain was discharged. The boundary errors or 
such calculations were outlined previously in Section 7.2 (iil. This data shows that on all but one 
occasion (26th March, 1987), between 80 and I 00% or all rainfall could be accounted for for 
both systems, either as drain outrlow over a 48 hour period or as a measured increase in soil 
water content. Ideally, soi I water measurements should be taken just prior to the rainstorm, and 
immediately after the cessation of drainflow to calculate profile recharge. However, the weekly 
record of water content used demonstrates the greater recharge that occurred in the loosened 
profile, thus accounting for the lower discharges observed when compared to unloosened drains. 
On the one occasion when it is not possible to account for all of the rainfall within the soil water 
balance, surface pondlng was observed across the whole experimental area. This was in response 
to a rainstorm that exceeded the heaviest rainfall expected in a 1 o year return period <M.A.F.F., 
1976). In less than 24 hours 60.9 mm of rain fell, but both systems discharged less than 30% of 
the storm over a 48 hour period. 
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iii) Multiple Regression Ana!ysjs of Total Qrainf!ow 
Multiple regression analysis was carried out in order to identify the variables that control total 
48 hour draiof!ow. In addition, the analyses were repeated for drainf!ows of 6, 12, 18 and 24 
hours duration to see if the influence of independent variables changed with time. The following 
variables were entered stepwise into a multiple regression equation: total storm rainfall. 
maximum half hour rainfall intensity, antecedent soi I water index and drain discharge at the start 
of the storm. 
Table 9.1 1 shows a simple correlation matrix or these variables with total drainflow data arter 
24 and 48 hours. Although there is a high intercorrelation between drainf!ow data, it is 
interesting to note that only for total 48 hour drainf!ow is the relationship between the five 
drains significant at the 0.001 1evel.1n contrast, whilst correlations between all the loosened 
total draiof!ow data are significant at the 0.001 level, the relationship between unloosened and 
loosened drains for total 24 hour drainf!ow is only significant at the 0.01 level. This lower 
correlation between total draiof!ows from the two drainage treatments over the 24 hour period 
clearly re-emphasises previous observations, that over the- shorter term the loosened plots are 
less efficient at disposing of water. 
Apart from the intercorre!ation between drainflows, it can be seen that total rainfall, maximum 
half hour intensity and start discharge all show varying degrees of correlation with the total 
drainflow data. Both total rainfall and maximum half hour intensity are significantly correlated 
with 24 and 48 hour total drainf!ow data. The unloosened plots consistently show a higher degree 
of correlation to both independent variables than the loosened plots. This ranges between a 
significance level of 0.01 to o.oo 1, compared to a significance level or only 0.05 for the loosened 
plots. This difference suggests that the size and distribution or a rainfall event influences the 
drainage response from the unloosened drains to a greater degree than for the loosened drains. in 
contrast, it would appear that start discharge has a greater influence over total drainf!ows from 
the loosened drainage systems. Apart from the 48 hour total draint!ow trom each drain, start 
discharge only shows a high degree of correlation with total drainf!ow from all of the loosened 
drains over the 24 hour period, significant at a significance level of 0.05. However, it should be 
stressed that even for the 48 hour total drainf!ows, start discharge showed a higher degree of 
correlation with loosened drainf!ow data at a significance level of 0.01 compared to 0.05 for the 
unloosened drainflow data. The use of start discharges, particularly for loosened drains, proved a 
much more sensitive assessment of the antecedent water content than the antecedent water index 
estimated from neutron probe measurements. 
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This simple correlation matrix was repeated for drainflows over 6, 12 and 18 hour time 
intervals. In each case the correlation patterns were very similar to those reported for the 24 
and 48 hour total drainflows. 
Initially, a stepwise regression function on the Minitab Statistics package (Ryan et al., 1982) 
was used to select the combination of independent variables that yielded the highest correlation 
coefficient. Although lt should be stressed that caution is required In using this procedure, as it 
may select variables that fit well by pure chance, but may not be the best from a practical point 
of view. Consequently separate stepwise regressions were carried out for each drainage 
treatment with the following combinations of independent variables il Total rainfall and start 
discharge iil Total rainfall and antecedent water index iiil Total rainfall, start discharge and 
maximum half hour rainfall intensity. Comparison between equations in which either start 
discharge or antecedent water index are included shows that start discharge yields the highest 
correlation coefficient in all instances. Therefore it may be concluded that it is the more accurate 
assessment of antecedent water condition. In addition, maximum half rainfall intensity was 
omitted from the equations predicting 6 hour total drain flows and entered last in all the other 
equations, showing its insignificant contribution to the regression set. lt was therefore omitted 
from the regression equations. 
Table 9.12 displays the multiple regression equations, that can be used to predict total drainflow 
from both loosened and unloosened plots at time intervals ranging from 6 to 48 hours. Both 
Walling< 1971 J and Parkinson ( 1984) carried out si m i Jar mutt iple regression analysis of total 
discharges from natural and artificially drained catchments. Independently, they found that only 
rainfall amount and an antecedent soil water index proved significant. While Walling ( 1971 J used 
soil water deficit, Parkinson (1984) used start discharge. Similarly, the data in Table 9.12 
~;:,e. 
shows that total rainfall and start discharge,\high multiple regression coefficients. Apart from 
the obvious trends of increasing values of total rainfall and start discharge with time are the 
effects of loosening on total drainflow, which can be clearly seen when the regression equations 
for each time interval are compared. For each time Interval, the rainfall value for the unloosened 
system is larger than for the loosened system, which emphasises its more responsive behaviour, 
or rather the inability of the unloosened soil to store large quantities of temporary water within 
the soil profile during the winter period. In contrast, start discharge has little effect on the 
initial drainflow from the loosened system, whilst for longer durations of flow its value and 
influence increases. This shows that following profile modification the increase in transient 
storage clearly exerts a strong control on the disposal of water. This point is re-emphasised 
when the constant difference in the correlation coefficients is considered between the 
treatments. For each time interval the unloosened drainage treatment yielded the highest multiple 
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regression coefficient, which suggests that soil loosening does not enhance the rapid removal of 
water from the profile or a structurally unstable sllty clay loam. 
9.7 Temporal Persistence or Soil Loosening OD Qrajnflow 
The decrease In drainage efficiency with time is well documented ror drainage treatments located 
in other parts or the country. Mole-cum tile drains have been shown to runction effectively ror 
five years or longer (Armstrong, 1986; Parkinson and Reid, 1987) if soil conditions permit the 
formation or a stable mole channel (Spoor et al., 1982!.u.Jhlle other studies have attributed the 
decline in efficiency due to the reconsolidation or backfill in the drain trench (e.g. Trafford,1970; 
Robinson et al., 1985). As to the persistence of soil disruptive techniques, no evidence is 
available with reference to its effects on drainflow, although studies by Soane et a/.( 1 987) do 
suggest reconsolidation within three years of the initial treatment. No attempt has been made in 
this study to assess the longevity or the loosening treatment. Interest was focussed on the initial 
response, although work is continuing to see how long these effects last. 
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TABLE 9. 1. SAMPLE SIZE FOR TIME OF START DATA FOR ALL 
Wl NTER STORMS, 1986-1987 
ALL S1mple W1nter Secondary 
W1nter 
A 38 28 10 
B 38 28 1 0 
D 37 28 9 
E 38 28 10 
F 35 28 7 
Un l oosened 76 56 20 
Loosened 110 84 26 
Sample s1zes for tc, tr and Op are stmtlar but not tdenttcal 
due to instrument malfunctions 
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TABLE 9 .2 . SIMPLE CORRELATIONS BETWEEN TOTAL 
RAINFALL, MAXIMUM HALF-HOUR RAINFALL INTEr\ ::.: ' f , 
ANTECEDENT WATER CONTENT AND HYDROGRAPH DATA, 
1986-1987 
S1mple W1nter secondary W1nter 
TOTRAIN MAXINT A WIND 
A -0.366a -0.096 0.456a 
B -0.385a -0.015 0.415a 
ts l.-n..-:U -0. 175 -0.009 -0.175 
E -0.284 -0.003 -0.215 
F -0.232 - 0.002 -0. 131 
A 0.224 - 0.063 - 0.453a 
B 0. 140 - 0.078 -0.439b 
t~"~ D 0.026 - 0.076 -0.283 
E 0.038 -0.039 -0.282 
F 0.062 -0. 100 -0. 157 
A 0.370a - 0. 109 -0.347a 
B 0.367a - 0.025 -0.590b 
trl\"\"~ D 0.259 -0.113 -0.068 
E 0.315 - 0.132 -0.030 
F 0.219 -0. 133 -0. 138 
A 0.543b 0.459b 0.246 
B 0.641c 0.559b 0.043 
Qp ~ D 0.384a 0.358a 0.526a (;nil\ "'~· E 0.368a 0.352a 0.473a 
F 0.365a 0.326a 0.487a 
S1gn1f1cance Levels: a•o.os b• O.O 1 c•O.OO 1 
TOTRAIN•Total rainfall 
TOTRAIN 
-0.892c 
-0.933c 
-0.520a 
-0.557a 
-0.564a 
0.224 
0. 118 
0 . .333 
0.503 
0.321 
0.782b 
0.623a 
0.840b 
0.729a 
0.679a 
0.855c 
0.875c 
0.661a 
0.754a 
0.750a 
MAXINT • Max1mum half hour rainfall lnter.~:.-.\-1 _ 
AWIND • Antecedent so11 water 1ndex, where d0•0-0w 
MAXINT 
-0.7 I I a 
- 0.544a 
-0.331 
- 0.252 
-0.412 
-0. 1 10 
-0.128 
0.624a 
o.562a 
0.637a 
0.691a 
0.625a 
0.755a 
0.631a 
0.665a 
0 .922c 
0.893c 
0 .813b 
0.736a 
0.736a 
A WIND 
0.155 
0. 142 
- 0.341 
- 0.323 
- 0.374 
-0.325 
- 0.435 
0.543a 
0.512a 
o.512a 
-0.325 
-0.310 
-0.477 
-0.365 
-0.485 
- 0.137 
-0.060 
0.353 
0.234 
0.295 
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TABLE 9.3. MED IAN,MAXIMUM AND MINIMUM TIME OF START (\\.cv 'LSJ 
VALUES FOR ORAl N FLOWDAT A, 1 986 - 1987 
Minimum ALLMaximum Simple Winter Secondary 
Med1an W1nter 
A 
-4.750. 10 4.92 0.38 $ 0.00 
B 
-3.750.355.00 0.21 $ 0.07 
D 
-2.750.354.92 0.75 $ 0.00 
E 
- 3.5o0.41 s.s8 0.75 $ 0.00 
F 
-3.050.425.08 0.56 $ 0.33 
Un 1 oosened 0.28 0.33 $ 0.17 
* * n.s. 
Loosened 0 .37 0.75 $ 0. 13 
* =0.05 l evel of significant difference between treatments 
n.s = no significant dif f erence between trea t ments 
$ = 0.05 l evel or s1gn1f1cant d1fference between s1mp l e and 
secondary w 1 nter time of starts 
I 
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TABLE 9.4. MED I AN,MAX I MUM AND MINI MUM TIME OF 
C~oo~) 
CONCENTRATI ONAV ALUES FOR ORAl NFLOW OAT A, 1 986-1 987 
MinimumALLMaximum Simple Winter Secondary 
Medlan Winter 
A 0. 172.856.25 3.21 $ 2.00 
B o.so3 . 157.92 4.04 $ 2.07 
0 0.33 3.498.08 4.67 $ 2.08 
E 0 .173.878.33 4.55 $ 2.61 
F o .33 3 .37s .so 4.00 $ 2.33 
Unloosened 3.00 3 .58 $ 2.00 
* * * 
Loosened 3.56 4.00 $ 2.33 
*=0.05 level of significant difference between treatments 
$=0 .05 level of significant difference between simple and 
secondary t 1 me of concentrat 1 on 
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(_~~) 
TABLE 9 .5.MEDIAN TIME OF RISE,._ VALUES FOR DRA INFLOW 
OAT A, 1986-1987 
Minimum ALLMaximum Simple Winter Secondary 
Median Winter 
A 0.342.857.92 3.21 $ 2.00 
B 0.342.8 09.75 3.83 $ 2.00 
D 0.253. 1 48.25 3.92 $ 2.08 
E 0. 163.469.33 3.'l75 $ 2.6 1 
F 0.332.858.00 3.44 $ 2.00 
Un 1 oosened 2.72 3.25 $ 1.83 
* * * 
Loosened 3. 19 3.25 $ 2.13 
*=0.05 1 eve 1 of si gn1 f 1 cant d 1 fference between treatments 
$= 0.05 leve l of sign lficant difference between simple and 
secondary storms 
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TABLE 9.6. MEDIAN,MAX IMUM AND MINIMUM PEAK DISCHARGE L~~~~'l 
VALUES FOR ORAl NFLOW OAT A, 1986- 1987 
Minimum ALLMaxi mum Simple Winter Secondary 
Median Wi nter 
A 0.060.3482.74 0.308 $ 0.938 
B 0. 1 1 0.3562.05 0.333 $ 0.879 
0 0.020.249 1 .04 0.2 10 $ 0.455 
E 0.01 0.235 1. 12 0.192 $ 0.485 
F 0.040.253 1. 15 0.185 $ 0.402 
Unloosened 0.375 0.329 $ 0.938 
* * * 
Loosened 0.263 0.200 $ 0.431 
*=0.05 leve l of signlficant difference between treatment 
medians (all discharge values in mm) 
$= 0.05 level of significant difference between simple and 
secondary w 1 nt er peak d 1 scharges 
TABLE 9. 7. EXPONENTIAL RECES S I ON EOUAT IONS FOR SELECTED SIMPLE STORMS, 
1986-1987 DRAINAGE SEASON FOR UNLOOSENED AND LOOSENED ORAl NS 
OAT£ 
21 .1066NW 
27 1066 NW 
3 I 10 66 w 
10 11 66 w 
13 11 66 w 
14 11 66 w 
16. 11 66 w 
20 11 66 w 
21 11 66 w 
251166 w 
11 12 66 w 
12 12 86 w 
17 12 86 w 
29 12 66 w 
31 12 66 w 
13 02 67 w 
26 02 67 w 
07 03 67 w 
23 03 87 w 
26 03 67 w 
050487 w 
07 04 87 w 
Nw-Non Winter 
w - Winter 
TOTAL MAXIMUM 
~AINFALL INTENSITY 
mm mm h-1 
7.5 3 I 
ss 32 
51 10 
69 60 
48 eo 
15 5 9 3 
62 41 
223 59 
38 20 
75 22 
17 5 41 
17 5 53 
5.8 IS 
11 4 58 
11 0 3 I 
71 3.0 
155 44 
83 20 
10 I 200 
60 9 92 
91 44 
89 3 3 
UNLOOSENED LOOSENED 
A WIND A WINO 
3 -3 3 -3 
m m m m ao 
-0.050 -a os1 0061 
-0 019 -0 011 0 196 
-0 004 0005 0 185 
-0 015 -0 003 0 341 
0003 0003 0 37 
0003 0009 I 159 
0003 0009 0 261 
0006 0012 0 666 
0017 0023 0 132 
0008 0003 0 608 
-o oo8 0003 0 54< 
0008 0005 0 745 
- 0 002 0002 0 236 
-o oos - o oo2 0999 
0003 0005 0 206 
-0006 0010 0 169 
-o oo4 -0013 0 334 
-0006 -o oos 0067 
-0 006 -o oo8 0 071 
0006 0008 I 712 
0008 0006 -
0008 0006 -
A WINO • An tecedent soli water Index, where 00• 0- 0w m 3nT3 
S~ •Quatlon 9 I ror explanation or uni ts ana symools 
&.c,-::. .......--.~~-.< ' 
LOOSENED PLOTS 
UNLOOSENED PLOTS 
A B D £ 
0 r ao 0 r Oo 0 r Oo b 
0 963 -0 996 0 043 0 961 -0 996 0 061 0 964 -a 976 0 066 0 962 
0 987 -0 961 0 127 0 969 - 0 919 0 109 0 991 -o 930 0 138 0 994 
0 981 -0 919 0 187 0 968 -0 950 0 107 0 996 -0 923 0 115 0 993 
0 926 -0 991 0.274 0 938 -0 991 0 146 0 968 -o 945 0 24 0 953 
0 929 -0 969 0 432 0.938 -o 978 0 193 0 973 -0 940 0 179 0.982 
0 915 -0 998 0 641 0 946 -0 977 0.477 0.974 -0 923 0 711 0952 
0 889 - o 998 0 308 0 731 - 0 969 0 284 0 991 -0 913 0.298 0.977 
0 941 -0 945 0 681 0 929 -0 921 0 294 0 973 -0 941 0 4 31 0 952 
0.961 -0 964 0 113 0 955 - 0 964 0 126 0 974 -0 982 0 156 0.982 
0 948 -0 982 0565 0 949 -a 982 0 175 0 994 -0 923 0 155 0 983 
0.974 -o 928 0.523 0.982 -0.888 0 402 0 979 -0 923 0.271 0.985 
0.944 -0 953 0 774 0 963 -0.941 0 562 0 967 -0 979 0.470 0.967 
0 945 -0 979 0 148 0 972 -0.918 0 087 0 976 -0 998 0. IS 0.973 
0 969 -0 869 I 137 0 959 -0 932 - - - 0 066 0 971 
0 976 -0 928 0 269 0 966 -0 947 0 196 0 966 -0 934 0 146 0981 
0 957 -0 944 0 114 0 974 -0929 0 160 0 978 -0 992 0082 0 977 
0 961 -0.939 0 271 0 969 -0 911 0 089 0 978 -0 948 0. 164 0 962 
0 965 -0 992 0054 0 989 -0 989 0.017 0 943 -0 962 0.0 11 0956 
0.976 -0 965 0 126 0 982 -o 998 0 041 0 979 -a.928 0.070 0 973 
0.933 -o 968 1.443 0 938 -0 981 0 774 0965 -a 983 0.745 0 971 
- - 0086 0 986 -0 868 0 124 0 979 -o 972 0 172 0 976 
- - 0 249 0 976 -0.954 0 212 0 966 -0 937 0192 0 966 
r Oo 
-0.966 0 056 
-o 956 0 098 
-o 941 0 108 
-o 991 0 102 
-0.918 0 206 
-0 999 0 517 
- 0 992 0 261 
-0 976 0 556 
-0 986 0 205 
-0.967 0 173 
-0.908 0 340 
-.0929 0 574 
-o 961 0 194 
-0.946 0077 
-o 993 0 151 
-0 997 0056 
-0 972 0 098 
-0.991 0 018 
-0.994 0.040 
-0.978 -
-0 992 0 122 
- 0 919 0. 172 
F 
b 
0 974 
0 994 
0 988 
0 952 
0.946 
0.967 
0 979 
0 967 
0 962 
0 966 
0 980 
0 968 
0.964 
0.987 
0 961 
0.983 
0 974 
0.951 
0 988 
-
0 98 1 
0 993 
r 
-0.996 
-0 976 
-0 901 
-0.961 
-0 901 
-0.991 
-o 992 
-0 961 
-0 992 
-0 993 
-0.954 
-0.958 
-0.999 
-o 783 
-o 974 
-o 939 
- o 964 
-0 968 
-0 972 
-
-0 907 
-o 932 
I 
1\) 
V1 
0 
I 
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TABLE 9.8. MEDIAN, MAXIMUM AND MINIMUM% EFFICIENCY AT 
SET TIME INTERVALS AFTER THE Pso FOR 20 SIMPLE WINTER 
STORMS 
T1me,hours after Pso 
Dra1n 6 12 18 24 48 
A 1.9 15·6 29.4 5.828 .6 58. 1 8.434.4 7 1 9.638 .9 79.7 12.543 . I 1 26 .2 
B 12.52 4 .6 7.4 27 .6 55 .0 I I 0.332.566, I 13 . 138.7 7 1.0 19.44 2. 9 1 1-4 .0 1.9 
D 0.2 9.01 8.6 1.623 .5 -40.3 2. 130. 166.9 2.336.6 75.5 2.750.8 86.7 
E 0.1 8.22 1.5 l .o2 0.451 .2 1 .729.8 56.8 1.836 .6 76.0 2.249 .81 83 .-4 
F 0. 1 9 ·221.6 1.6 2 1.3 56.5 2.230.6 64.3 2. -437 .7 74.9 3.o5I .0 8 1.6 
Unloosened 13.0 28.3 33.2 38. 1 45 .83 
* * * * n.s 
Loosened 11 .7 2 4.7 J 1.2 36.9 50.85 
m in imumMed1anmaxi mum 
* • 0.05 level of s1gn1f1cant d1fference between treatments 
n.s= no s1gn1f1cant d1fference between treatments 
I 
TABLE 9.9. TOTAL ORAl NFLOW FROM ONE UNLOOSENED AND ONE LOOSENED PLOT 
FOR 22 SIMPLE STORMS 
UNLOOSENED LOOSENED TOTAL 024/P Q2..1U. TOTAL 048/P ~ TOTAL A WIND A WIND ORA INFLOW DRAINFLOW 048L 
RA INFALL 024 EFFICIENCY 024L 0 48 EFFICIENCY 
DATE p m~m3 m 3m3 mm % mm % 
mm B D B D B D B D 
2 1. 10.86 NW 7.5 -0.050 -0.051 0.6 0 .7 8 9 0 .89 - - - - -
27.10.86 NW 5.5 - 0 .019 -0.01 1 2.5 2.2 45 40 1. 13 3 .9 4.0 71 73 0 .97 
31.10.86 w 5. 1 - 0 .004 0.005 3. 1 1.9 62 39 1.59 5 .7 4.3 112 86 1.30 
10. 11.86 w 6.9 -0.015 - 0.003 3.5 2.5 51 36 1. 42 3 .8 3 .6 55 52 1.05 
1 3. 1 1.86 w 4.8 0.003 0.003 2.5 2.0 52 42 1.24 - - - - -
14.11.86 w 15.5 0.003 0.009 7.8 6 .8 51 44 1. 16 8.3 9.0 54 58 0.93 
16. 11 .86 w 8.2 0.003 0.009 3.9 4.5 48 55 0 .87 - - - - -
20. 1 1.86 w 22.3 0.006 0.012 7.6 9 .2 34 4 1 0 .83 - - - - -
2 1. 1 1.86 w 3.8 0.017 0.023 1.8 2 .8 47 74 0.63 2 . 1 3 . 1 55 82 0.67 
25. 1 1.86 w 7.5 0.008 0.003 5. 1 3.6 71 50 1.42 5.5 5 . 1 76 7 1 1.07 
11. 12.86 w 17.5 -0.008 0.003 5.5 6 .2 31 35 0.88 - - - - -
12.12.86 w 17.5 0.008 0.005 7. 1 6 .9 41 39 1.05 7 .3 7.8 42 45 0.93 
17. 12.86 w 5.8 - 0.002 0.002 2.0 2.4 35 4 1 0.85 3 .0 3.2 52 55 0.95 
29. 12.86 w 11 .4 - 0.005 -0.002 2.4 - 2 1 - - 2 .6 - 23 - -
31 . 12.86 w 11 .0 0.003 0.005 4.3 3 .3 39 30 1.30 4.7 4.2 43 38 1. 13 
13.02.87 w 7. 1 - 0.006 0.0 10 1.7 1.3 24 18 1.33 2 .3 1.6 33 23 1.44 
26.02.87 w ' 15.5 - 0.004 - 0.013 4. 1 1.5 26 9 2.88 5. 1 1.9 33 12 2.75 
07.03.87 w 8.3 - 0.006 - 0.005 1. 1 0 .2 13 3 4.33 1.6 0.3 19 4 4.75 
23.03.87 w 10. 1 - 0.006 - 0.008 1.7 0 .8 17 8 2. 13 1.9 1.3 19 13 1.46 
26.03.87 w 60.9 0.006 0.008 6.1 12.9 26 2 1 1.24 17 . 15.4 28 25 1. 12 
0.5.04.87 w 9. 1 0.008 0.006 1.7 2.8 19 31 0 .62 - - - - -
07.04.87 w 8.9 0.008 0.006 4.0 3 .9 45 44 1.02 4 .6 6 .6 52 74 0.70 
NW - Non Winter: W- Wmter : 
AWIND- Antecedent Soli Wat er Index, where d0=0- 0w <n13. m3): 
I 
N 
U1 
N 
TABLE 9. 1 0 . COMPONENTS OF THE WATER BALANCE MEASURED FOR 5 RAINSTORMS 
AT THE END OF WINTER 
PERIOD 26.2.87 7.3.87 23.3.87 26.3.87 7.4.87 
TREATMENT u L u L u L u L u L 
1.RAINFALL Cmm) 15.5 15.5 8.3 8.3 10. 1 10. 1 60. 9 6 0.9 8.9 8.9 
2.D ISCHARGE$1 Cmm) 5.1 1.9 1.6 0.3 1.9 1.3 17 .1 15.4 6.5 6 .6 
3.EST IMATED ACTUAL $2 
EVAPOTRANSPI RATION Cm m) 5.9 5.9 6.5 6.5 7.0 7.0 9 .5 9 .5 5. 1 5. 1 
4.ESTIMATED CHANGE$3 
IN SOI L WATER Cmm) 4.5 7.7 0 .2 1.5 1.2 1.8 34.3 36.0 -2.7 -2.8 
S.MEASURED CHANGE$4 
IN SOIL WATER Cm m) 3.6 7.9 -1.4 Q.5 0.5 5 .2 11 . 1 17. 1 - 0.3 - 0 .5 
6 .DIFFERENCE IN $5 
SOIL WATER Cm m) -0.9 0.2 - 1.6 -1 .0 -0.7 3 .4 - 23.2 -1 8.9 2.4 2.3 
U-UNLOOSENED ORA l NAGE SYSTEM, L -LOOSENED ORAl NAGE SYSTEM 
$1-AVERAGE DISCHARGE OVER 48 HOURS FROM DRAINS A AND B FOR UNLOOSENED AND FROM DRAINS D,E AND F FOR LOOSENED 
$2- ESTIMATED EVAPOTRANSPIRAT ION FOR WINTER WHEAT FOR M.O.R.E.C.S. AREA 189 
$3- row 1-row 2-row 3 
$4 - ESTIMATED SOIL WATER CONTENT FROM NEUTRON PROBE MEASUREMENTS TO 0.80 m 
$5 -row 5-row 4 
I 
N 
U1 
(....j 
I 
TABLE 9. 11. SIMPLE MATRIX CORRELATION OF TOTAL ORAl NFLOW OVER 24 ANp 4 8 HOURS, 
FOR A MAXI MUM OF 20 STORMS 
TOT RA IN 
MA XI NT 
UAWI NO 
LAW INO 
ASO 
BSO 
os a 
ESO 
FSO 
A024 
A0 48 
6024 
B04B 
0024 
0048 
E024 
E048 
F024 
TOT RAIN 
NAXINT 
UAWINO 
LA WINO 
1'1AXINT UAWINC LA WINO ASO 
0 .5621) 0 .2 1 s -0. 024 -0. 230 
0 .024 -0.004 0 .046 
0.573a 0.6631) 
- -
Total ralnfa ll,mm 
-I 
Maximum hair-hOur Intensity , mm n 
BSC 
- o. 1 3 2 
0.092 
0.653t 
-
0.933< 
3 - 3 Unlooseneo anteceoent wa ter content, m . m 
3 -3 
Looseneo anteceoent water content ,m .m 
so Start Olscnarge,mm.n -1 
o Tota l 01scnarge,mm 
050 ESO FSO 
- 0. I 8 0 - 0 .2 0 I - 0 . 169 
0.045 0.060 0.084 
- - -
0.836c 0.753c 0.84 1 c 
O.BB5c 0.923c 0.874C 
o.85Sc 0.792c 0.89Bc 
O.B5Bc 0.952c 
0.814C 
Significance Levels a•O.OS 
b•O 00 I 
c•O.OO I 
A024 A04B 6024 B04B 0 02 4 0048 E024 E04B F0 24 
0 . 7 I Oc 0.534a 0.77 4c 0.5671) 0 . 4B5a 0 . 4 6 Ba 0 .368 a 0 .343a 0.344a 
0 .4 75a 0.456a 0.59Jb 0 .492b 0 .464b 0 . 4 8 1 Q 0.453a O.JB7a O.J65a 
0 .1 16 0.106 0 .034 0.057 - - - - -
- - - - 0 .324 0 .282 0 .270 0 .291 0. I J O 
0 .095 0.372a - - - - - - -
- - O.JOJ 0.356 - - - - -
- - - - 0 . 423a 0 .4 57 a - - -
-
- - - - - O.J56a 0.5271) 
-
-
- - - - - - 0 .664c 
-
0.923c 0.736c 0.574b 0 .569b 0 . 5331) 0.6 11 b 0.51 1 a 0 .557b 
0.912 c 0.9B3c 0 .7 191) O.B80c O.B04b 0.894c 0 .705b 
0.930c 0 .737b 0 .906c 0 .702 b O.BBOc 0 .735b 
0 .752b 0.737b 0 .7 22 b O.BB9c 0 . 709b 
0.944C 0 .9 55 c 0.924c 0 .985c 
0 .959c 0.9B6c 0 .912c 
0.942c 0 .954c 
O.B97c 
F048 
0 .344a 
O.J6Sa 
-
0. I 45 
-
-
-
-
0.6 19c 
O.SJ2a 
0.88Bc 
O. BBOc 
O.B89c 
0 .924c 
0.986c 
0 .964c 
0. 990C 
0.933c 
I 
N 
U1 
.t> 
I 
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TABLE 9.12. MULTIPLE REGRESSION EQUATIONS PREDICTING 
TOTAL ORAl NFLOW AT SET TIME INTERVALS AFTER THE Pso 
FOR LOOSENED AND UNLOOSENED PLOTS 
T1me,Hours Loosened Unloosened 
after Ps o 
6 a=-0.50+0.11 P-0.97Sa a=-1 .17+0.23P+5.24Sa 
R=0.807** s.E.ra =0.097 R=O. 977*** S.E.ra = 0. 1 3 7 
12 a=- 0.42•0.15P• 18.81 sa a= - 1.18•0.25P+ 11 .31 sa 
R· 0.856** s.E.ra • 0.098 R·0.978*** S.E.ra -o. 1 49 
18 a•-0.24•0.20P+22.63Sa a•-0.68•0.28P+ 12.22Sa 
R=0.848** s.E.ra =o. 173 R=0 .939*** s.E.ra =0 .208 
24 a=- 0. 15+0.23P+26.04Sa a=-0.3 4•0.29P• 13.21 sa 
R=0.882** s.E.ra =o. 197 R=0.943*** s.E.ra =0.218 
48 a =-0. 11 +0.25P+ 33. 19Sa a= 0 .07•0 .32P+ 14.92Sa 
R•0.887*** S.E.ra •0.236 R•0.933*** S.E.ra •0 .309 
***= sig. level 0 .001 , 
** = sig. level 0 .01 
(Q=total discharge in mm, P=Rainfall in mm, SQ=start discharge in 
mm .hour- 1) 
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CHAPTER I 0 
CONCLUSIONS AND IMPLICATIONS FOR SOIL MANAGEMENT 
10.1 Hydrological Responses to Soil I oosenlog-Ao ovecylew 
This study has concentrated on the soil water dynamics or an under-drained silty clay loam for 
the year Immediately following soil loosening to 0.40 m depth. The results are presented and 
discussed in comparison with an unloosened but drained control site. The dralnrlow responses 
from both loosened and unloosened drainage treatments were influenced by the changing patterns 
of soil water status and macroporosity. The general principles or the relationship between soil 
water content and draioflow have been est ab I ished, but it should be stressed that the 
observations reported are for one year only and no attempt has been made to predict the 
average annual behaviour. Nevertheless, few studies have attempted to quantify the effects or 
cultivation, let alone profile modification on the hydrological response or a drained soil. 
Those that have, have developed predictive models to describe the draioflow dynamics of 
cracking soi Is that have been mole drained (5hlpway,i986; Leeds-1\u~''"'=n"aOd Jarvls,1986; 
Jarvis and Leeds-Harrlson, 1987a,cl. They have shown that cultivations alter both the form or 
the soil water redistribution process and the mole drain outfall hydrograph. However, as was 
the case in this study, no attempt was made to Identify the long term effects or profile 
modification such as that'associated with progressive soil recompaction. 
• The draioflow responses from this silty clay loam at Seale Hayoe College occur almost 
exclusively during the winter period regardless of drainage treatment. This observation 
Indicates that it is the winter draioflows that account for a significant proportion of total annual 
draioflow. Nevertheless, non winter drainflows cannot be disregarded, as the quantity or 
nitrate-nitrogen lost in the initial draioflows was greater than that occurring under winter 
0. 
conditions. These observations indicate the mechanisms by which a soil wit~oorly permeable 
subsoil disposes of excess water. In addition to these observations detailed soil physical 
measurements give a good indication of the dynamics of soil water redistribution that occurs in 
both loosened and unloosened soils. Unfortunately, because the experimental area was actively 
farmed throughout the study some deductive reasoning was required as to the dominant 
pathways of soi I water. However, the interrelationship between temporary storage capacity, 
which fluctuated with soilwater content, and drainage response is of particular Importance in 
this soil. The increased storage capacity or the loosened profile effected both soilwater 
redistribution and drainrlow response. 
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In the following sections the major differences between loosened and unloosened drainage 
systems are summarised. Then the practical implications of this study are related to the 
agricultural management of structurally unstable sllty soils. 
10.2 PhYsical and Hydrological Resoonses to profile I oosenjng 
i) Soj I porosj t)l 
Silty soils are generally acknowledged to suffer rapid structural deterioration if poorly managed 
when subjected to cultivations or grazing (Davies,l975; Douglas et a/.,1986). This experimental 
site is no exception and repeated cultivation with a mould board plough to the same depth in the 
past had produced a layer of low hydraulic conductivity at the base of the cultivated layer. This 
has been shown to have an overriding influence on the water redistribution process. 
Following the disruption of this layer by soil loosening detailed measurements have shown that 
vertical redistribution and retention properties or the profile are dramatically altered. Even 
after subsequent seedbed preparation the effects of deep loosening were still apparent, when 
compared with adjacent unloosened plots. Concomitant with the reduction in dry bulk density 
between the depth of 0.20 and 0.40 m was an increase in the volume or soil pores. Analysis of 
the soil water retention curve indicated that drainable pore space (0-5 kPa matric suction> was 
increased markedly. Loosening had produced an increase in air capacity/ transmission pores at 
the interface of what was the cultivated and undisturbed soil of 270%. As a consequence, 
vertical hydraulic conductivities were increased by a factor of between 10 or 20. This caused 
significant changes in the processes of soilwater recharge and drainflow. 
ii) The Soil water Regjme 
it is normally assumed that drainage schemes are installed with the objective or reducing the 
water content or surface layers and~as been shown to be effective and therefore beneficial to 
agriculture. In contrast, cultivation of drained land can have deleterious effects on the control or 
soil water (5hipway,1 986). Instead of reducing the water content or the topsoil, cultivation 
increases the surface area or soi 1 peds and encourages absorption. The responses observed for 
this silty soil irrespective of treatment proved no exception. Cultivation of the unloosened plots 
alone caused winter mean water contents to be similar to those recorded at an adjacent 
uodraioed grassland site, Whilst the effect of loosening was of greater significance in terms of 
land management. This is illustrated in Figure I 0.1 where soi I matric potential and volumetric 
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water contents are plotted against soli depth on three occasions for loosened and unloosened 
pro riles. 
Three distinct phases were identified in the annual pattern or soil water contents ror this soil, 
namely autumn re-wetting, winter mean levels and spring drying. The wetting profile (Figure 
I 0.1 A, lOth October 1986) clearly shows that soli loosening has reduced matric potentials and 
increased soil water contents. These increases in soil water content occur not only in the 
loosened zone, 0.20-0.40 m. but also nearer the surface, despite the fact that both treatments 
were cultivated to the same depth, which gave rise to similar bulk densities. 
Although the duration or the winter period was similar for both drainage treatments, winter 
mean water content recorded on the loosened plots was 6% greater than that measured on the 
unloosened plots. Throughout the winter period matrlc potential varied very little with depth 
(see Figure 10.1 B, 5th December 1986), but water contents were consistently higher nearer the 
surface in loosened plots. This pattern continued ror the early stages or spring drying ( see 
Figure I 0.1 c. I Oth April 1986) although tensions were slm liar. 
Subsequent detailed analysis or soil water retention curves determined from neutron probe and 
tensiometer field data have shown that at low matric potentials (0-30 kPa) the loosened soil 
retained a greater volume of water between the depths or 0.20 and 0.40 m. This effect becomes 
less pronounced nearer the surface because the same seed bed preparations were carried out 
for both loosened and unloosened soils. However, as the drying phase continued the top 0.10 m or 
the unloosened profiles lost water more quickly. This caused matric potentials In excess or 30 
kPa to develop one week earlier than in the loosened plots. This suggests that even though access 
to the land for cultivations or by livestock would be extremely restricted due to the likelihood of 
soil structural damage at wInter mean water contents, the slower drying or the loosened soil 
would Impose a further restrict ion In the early spring. 
i i i) PralnOow Response 
For the first year or the study, prior to soil loosening, it was assumed that dralnflow from this 
silty clay loam followed the attainment or winter mean water contents. Antecedent conditions 
strongly influence the rorm or the drainflow outrall hydrograph. However, in the following year 
rour dralnflow responses were recorded for both drainage treatments prior to complete 
rewetting. This implies that the bypassing or the soil matrix is an active process in generating 
drainflow, Cl process that has been shown to be controlled by hydraulic gradients that develop 
when soil water deficits In surface horizons are exceeded. it was during the winter period that 
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90% of all dratnflow events occurred. once re-wetting was completed the overall form of 
dratnflow hydrographs for both loosened and unloosened plots was shown to be closely related to 
fluctuations to winter water contents. The magnitude of dratnflow response reflecting the 
ab111ty of the soil system to absorb and store water. When water contents fell below winter 
mean water content levels drainflow from both treatments ceased. This phenomena ts easily 
attributed to the fact that as drying progresses soi 1 water deftctts accrue and are not exceeded 
by summer rainfall, hence no dratnflow results. 
A statistical analysts of the timings and discharges for 28 simple and 10 secondary winter 
hydrographs showed the effects soil loosening has upon the dratnflow dynamics of this soil. Table 
1 o. 1 summarises the median values of dratn hydrograph parameters for unloosened and loosened 
drainage systems. The median response ttme from the storm centrotd to peak discharge for 
unloosened systems was 3.6 hours. This indicates that for a drain spacing of 20 m, the 
under-drained silty clay loam system provides an efficient means of water disposal. Instead of 
enhancing this response soli loosening lengthened tt stgn1ftcantly by 0.4 hours. to addition, the 
form of the drainflow hydrograph was dramatically altered. throughout the wtnter period. 
Median peak discharges were reduced by 0.129 mm.h- I and drainflow recess ton curves were 
extended and less steep. This delayed transmission of water is clearly the result of the quantity 
of available, albeit temporary storage created to the soil profile after sotlloosentng, Which in 
turn reduced the overall efficiency of the loosened drainage system to comparison to the 
unloosened. 
When the temporary storage reservoirs of both treatmer:1ts were recharged the smaller peak 
discharges from the loosened soils were observed to gtve lower short term drainage efftciencies 
<over a 24 hour period). However the prolonged nature of the drain outfall hydrograph from the 
loosened soli leads eventually to greater efftctenctes over a 48 hour period. to contrast, when 
the system was not fully recharged, the temporary storage capacity of the loosened soli delayed 
the drainage response. The peak discharges observed were even smaller than the unloosened 
plots, and drainage efficiencies remained even lower, even after 48 hours. Soli water balances 
carried out for simple winter storms accounted for 90-t tO% of Incident rainfall. to each 
instance, a greater recharge of the soilwater store to loosened soils occurred, concomitant wtth 
lower drainage efftctenctes which resulted to wetter profiles. 
tvl Effect of Loosening on Transmission pathways 
The movement of water within the soil occurs predominantly to the pores and votds that fill 
when rainfall exceeds the infiltration capacity of the profile. However, tf the supply rate ts less 
than the acceptance rate of the soil in question there ts not enough water to keep all the pores 
filled during vertical drainage, as a consequence the soli becomes unsaturated. to coarse 
textured soils, which have a well graded dtstrtbutton of pore sizes, unsaturated flow rarely 
occurs to the largest macropores (>601Jm diameter). Thts ts because the hydraulic conductivity 
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and continuity of the smaller pores (<60~m diameter) is normally adequate to transmit the 
required flow. The. situation Is very dlffer.ent forJ,ine textured soils containing macropores;.due 
to the large size difJferential between the macropores.and the f,iner pores within the structural 
units. In this situation the smaller pores within the soli units are usually incapable of 
transmitting water fast enough, due to their very low hydr.aulic conductivity and to the fact that 
they have to empty Into the much larger macropores. The-hydraulic gradients which can·deveiop 
within the small pores are frequently insuf.f·iclent to exc·eed"the the surface tensions and other 
forces-acting at the small pore/ macropore Interface and hence water Is not released Into the 
macropore. This lack of small pore flow causes saturated conditions, with zero soil water 
potentia is, to develop on the faces of the soli units and macropore flow commences. Any form of 
soi I loosening in fine textured soi Is increases the number of macropores and the proportIon-of 
macropore flow. However, it should not be forgotten that water can move into the soil units 
from the macropores, increasing their water content and reducing the total amount of macropore 
flow. 
Following the observations made in the previous sections a number of reasoned suggestions can 
.'!t . 
. :,,· be made concerning the movement of soil water in the saturated state to drains in a silty clay 
loam. If it is assumed that the horizontal hydraulic conductivities of the soil structural units are 
equivalent to measured vertical values, even for saturated conditions, travel times for rain 
falling at the mid-drain position would be in the order of one or two days. lt is clearly not 
possible therefore to account for the rapid discharges observed by simply considering saturated 
flow through the soil units themselves. The swift dralnflow responses for both unloosened. and 
loosened systems Indicates that water movement is occurring in the macropores. This was 
confirmed to a limited extent using tracers. which also showed that loosening delayed the 
arrival of water at the drain, the difference in response was attributed to changes in the soil 
water redistribution process during infiltration. 
Soi 1 loosening increased the porosity and hence the available storage capacity of the profile. lh 
the unloosened soil this transient storage zone is restricted· to 0.15 m depth, the vertical 
redistribution of water to depth inhibited by the low permeability of the tilled-untilled interface. 
As a consequence rainfall rapidly satisfies any deficits, saturated conditions develop and the 
matric potential of the plough layer israpidly reduced to zero. This causes the development of 
hydraulic gradients within the unloosened profile that initiate interflow to the drains through the 
permeable cultivated horizon. In contrast, a greater continuity of pores through the former 
tilled~untilled interface increased the temporary storage zone of the loosened profile to 0.40 m 
depth. This causes a greater proportion of rainfall to be redistributed below the the plough layer, 
which leads to a slower reduction in matric potential and consequently a slower drainage 
response, which is emphasised by the steeper hydrograph recession curves reported for the 
unloosened systems. Reasons for this delay and slower water release may be due to either: 
a >The unsaturated flow path being longer, hence it will take longer for surface water to reach 
the impermeable layer at the bottom of the loosened zone, therefore a time delay. 
or b) Water is absorbed during the downward infiltration, therefore the quantity of water. 
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reachtng the impermeable layer will be less than tn the unloosened case. The rate or build up or 
head above the Impermeable layer depends on the rate at which water arrives. Less water 
means a slower build up, therefore lower hydraulic gradients and less flow to the drains. As a 
result the loosened profile was wetter throughout the winter. 
v) Soil Strength Resoonse to I oosenjng 
For stlty soils that are naturally prone to structural damage any changes In their physical 
characteristics can have Important Implications on land access during the critical autumn and 
spring periods. The strength of the soils will vary with water content, water potential and dry 
bulk density <Dexter,1988; Harkaanson et al.,1988l. Field assessments or soil shear strength 
for both loosened and unloosened soils were made during the 1986-87 drainage season using a 
hand held 19 mm shear vane. 
An Important consequence of the changes In soli water behaviour following soil loosening <see 
Figure 10.1 J was that the soi 1 shear strength was modified during the wetting, winter and early 
spring drying phases. Figure 10.2 shows the general trend of Increasing shear strength wtth 
depth for the matrlc potential profiles presented in Figure I 0.1. Superimposed on this general 
trend Is the divergence or the curves In the loosened zone, between 0.20 and 0.40 m. The higher 
water contents and reduced bulk densities caused by loosening operations significantly (slg. 
level<O.OO 1 l lowered shear strength tn comparison to the unloosened soil, particularly between 
0.25 and 0.30 m. However, the effect does vary with time of sampling. Even for observations 
taken over a ttme span of as little as stx months illustrate a progressive Increase in the depth of 
maximum difference (Figure 1 0.2A, B and Cl. 
A correlation of all shear vane observations Indicates that shear strength correlates most 
strongly with the bulk density, although both water content and matric potential are also 
significantly related. These relationships are shown in Table 1 0.2. Similar relationships were 
reported by Douglas< 1986) for a clay soil under a range of cultivations. The effects of soil 
loosening can be more readily seen when loosened and unloosened shear vane observations are 
correlated independently against the physical parameters measured on each treatment (see Table 
1 0.2l. Loosened shear strengths show a very strong positive correlation to both bulk density and 
water content at a significance level or 0.001. This Is not surprising stnce loosening caused a 
decrease In dry bulk density and an Increase In soil water content. What ts not so obvious ts the 
relative contribution each or these factors have upon the reported decrease in soil shear 
strength. In contrast, whilst showing a similar relationship to bulk density the unloosened soil 
demonstrates a weaker relationship to water content, at a significance level or 0.05. This 
suggests that in the case of the unloosened soil bulk density exerts the stronger Influence on soil 
shear strength. Although no definitive statements can be made about relationships they are of 
vital Importance for good soil management and suggest that the wetter loosened profiles will be 
more susceptible to soil damage. 
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As to how long this effect or loosening will persist for this soil is unknown, other long term 
studies or profile modification have shown that effects may be still be apparent two to three 
years after the initial disrupt ion, dependent on soi 1 type and subsequent management (Soane et 
al., 1986, 1987). 
10.4 The Significance of This Study to the Management or Silt Soils 
Silty soils have the potential to be highly productive if they are deep and well drained. However, 
they are prone to structural damage particularly during wet autumn and spring periods. This 
problem is exacerbated in South West England by impermeable subsoils and high annual rainfalls, 
which frequently restrict many or these soi Is to permanent grassland. Therefore adequate 
underdrainage is a prerequisite ror these soils to dispose or surplus water if arable crops are to 
be produced efficiently. Current E.E.C. incentives make the marginal yields from cereal 
enterprises a viable proposition if the land is well managed. 
In I 986, following the drainage or the experimental study area, the winter wheat crop averaged 
6.38 t.ha-1. This yield compared favourably with the national average of 6.37 t.ha-1 and was 
0.34 t.ha-1 above the average for the South West (Cereal Statistics, 1 987). Although the soi Is 
are unsuited to mole drainage due to their low clay contents (Spoor et al. , I 982al many shallow 
subsoi lers and soi I looseners have become avai \able to farmers in recent years. Their 
development as been accompanied by ambitious claims as to the potential benefits or regular soil 
loosening on the relief or compact ion, soilwater disposal and crop yields <Musick and Duseck, 
I 975; Pidgeon and Thorogood, I 985). 
In this study the hydrological and physical responses or a structurally unstable soil which has 
been under drained and loosened were discussed. The results reported ror an intensive twelve 
month monitoring period indicate that the modification or subsoil to improve drainage does not 
necessarily give the expected results. it has been shown that loosening or a silty clay loam did 
not enhance drainage efficiency. In fact the reverse was true which can have dire consequences 
in terms or machinery access to land and plant root development. 
Water disposal from unloosened soils Is dominated by movement in the cultivated Ap horizon,. \.:he 
impermeable zone at the the base or the plough layer restricting the vertical movement or water 
within the profile. During rainstorms this causes a rapid reduction In matric potential within the 
surface horizons, hydraulic gradients that develop initiate a rapid rlow via macropores above 
the plough sole to the drains. Disruption or this layer by loosening led to an increase in porosity, 
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which gave rise to a greater, albeit temporary retention of water between 0.20 and 0.40 m 
depth. These changes in the soil water redistribution process caused a greater proportion of 
rainfall to be diverted into the subsoil, and delayed the transmission of water to the drains. This 
meant that the rooting environment of the loosened soil was wetter prior to a rainstorm and 
remained so for a longer period afterwards. This In turn caused nitrates to be leached from the 
bottom of the plough layer, where they have accumulated in unloosened sol Is, to the base of the 
loosened zone, a response that will uaimately effect plant growth and development. 
Unfortunately due to a severe infestation of Take All (Gaeumannomyces graminis var. tritici) 
the effect of soil loosening on crop yield could not be quantified. 
A comparison or both wetting and drying profiles for both loosened and unloosened soils showed 
the increased water contents and concomitant reductions in matric potential that developed as a 
consequence of profile modification. This caused significant reductions in soil shear strength, a 
response that has Important implications on the success of crophusbandry practices in the 
autumn and spring when field operations are necessary. Both Wind ( 1 976) and Thomasson 
<I 982) identify a matric potential of -33 k Pa as the lower I im it at which a sol I becomes strong 
enough to resist damage. This value was attained by the loosened soils one week earlier in the 
autumn and exceeded one week later In the spring than the unloosened plots. Therefore in wet 
autumn and springs loosened soils will be more susceptible to structural damage and access will 
be restricted. 
lt may be stated that ori unstable soil profiles subsoil modification must be carried out with 
caution. Loosening or a profile can lead to higher water contents and reduced machinery access 
rather than increased drainage efficiency. Further work is required to assess the temporal 
persistence of soil loosening on soil physical condition and crop growth. 
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TABLE 1 0. 1 MED I AN VALUES OF DRAIN HYDROGRAPH PARAMETERS OF SIMPLE AND SECONDARY 
WINTER RISES FOR UNLOOSENED AND LOOSENED PLOTS 
S1mple Winter Storms$! Secondary W1nter Storms$2 
Relationship Ratio 
time to time of time to time or or second to 012 second Drainage start, concentration Peak discharge start, oncentratlon Peak discharge simple storms Op simple Treatment Qp Qp 
ts(h.l tc !h.l (mm.h:- 1 l t s< h. l tc (h l <mm.h. -1 } ts$3 tc$3 
Unloosened 0.33 3.58 0.329 0.17 2 0.938 -0.16 -1.58 2.85 
Loosened 0.75 4.00 0.200 0.13 2.33 0.431 -0.62 -1 .67 2.155 
Relationship 
between$3 + 0.42* +0.42 * -0. 129* -0.04 n.s +0.33* -0.507* 
treatments 
$1 =28 simple storms 
$2 = 10 secondary storms 
$3 += l engthened or Increased, shortened or decreased (h.l 
n.s . = no significant difference 
* = significant difference at 0.05 level 
I 
N 
01 
""' I 
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TABLE 10.2 SIMPLE CORRELATIONS BETWEEN VANE SHEAR 
STRENGTH AND DRY BULK DENSITY, WATER CONTENT AND 
MATR IC POTENTIAL 
Correlation of Vane Shear Strength against e 1ther 
Treatment Bulk Density 
Unloosened 0.843** 
Loosened 0.861 *** 
ALL 0.891 *** 
* significance level of 0.05 
** s1gn1f1cance level of 0.0 1 
*** signif icance level of 0.001 
Water content Matrlc Potent ial 
- 0.466* -0.23 1 * 
- 0.970*** -0.371 * 
-0.666*** - 0.218* 
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APPENDIX 1.1 
SOIL PROFILE DESCRIPTION PIT 1. 
Profile location: (see Figure 2.3) Morley Hill, Seale-Hayne College 
Farm. 
Slope: 7.5 to 8% 
Aspect : Northerly 
Land Use: Wheat Stubble (heavily rutted). 
Horizons : 
cm 
0- 21 
Ap. 
21 - 42 
Bw. 
42- 55 
BC 
55+ 
CR. 
Dark brown ( 10 YR 3/3) si lty clay loam. 
Fine granular structure, very fri.able, abundant platy dark 
grey shale fragments (2.5 YR 4/0) approximately I 0 mm in 
diameter throughout. Abundant fibrous roots, reaching into 
the next horizon. Horizon merges into boundary of next 
horizon. 
Dark grey brown ( 10 YR 3/2) silty clay loam to a silty clay. 
Fine granular structure; dark grey (2-5 YR 4/0) platy slate 
fragments increasing with depth; Yellow brown ( 10 YR 6/8) 
mottles.Fine fibrous roots common below boundary of Ap 
horizon, decreasing with depth. Clear boundary. 
Yellow ish brown ( 10 YR 5/ 4) clay fine granular, weak with 
no roots.Sharp boundary. 
Slate in situ with laminae visible and easily broken. 
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APPENDIX 1.2 
SOIL PROFILE DESCRIPTION PIT 2. 
Profile location: (see figure 2.3) Morley Hill, Seale-Hayne College 
Farm. 
Slope: 5.5 TO 6.5% 
Aspect :Northerly 
Land Use : Wheat Stubble (heavily rutted). 
Horizons: 
cm 
0- 23 
Ap. 
23- 45 
Bg 
45- 61 
BCg 
61 - 73 
BCg/Cu 
73 + 
Cr 
Dark brown ( 10 YR 3/3) silty clay loam. 
Fine granular forming weak ped~; very friable; occasional 
platy dark grey (2.5 YR 4/0) silty slate fragments, 2.5 tp 5.0 
mm in diameter. Abundant fibrous roots extending into next 
horizon. Sharp boundary. 
Yellowish to greyish brown ( 10 YR 5/8 - 5/2) silty clay 
loam. Stoneless with ·a massive structure. Roots cease 
below 32 cm. Merging boundary. 
Grey ( 10 YR 5/1) silty clay wlth many yellowish brown 
( 10 YR 5/8) mottles. Structure moving from massive to fine 
granular with depth. lnsitu weathered grey slate ( 10 YR 
5/1) at boundary, easily broken to show greyish brown (2.5 
YR 4/2) along line of cleavage.Manganiferous staining 
around slate, manganese aggregations in matrix. Merging 
boundary. 
Weathered grey slate ( 10 YR 5/1) surrounded by a grey 
(10 YR 5/1) sandy clay loam matrix with occasional 
yellowish brown ( 10 YR 5/8) mottles. Sharp Boundary. 
lnsitu grey slate. 
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APPENDIX 1.3 
SOIL PROFILE DESCRIPTION PIT 3. 
Profile location: (see figure 2.3) Morley Hill, Seale-Hayne College 
Farm. 
Slope: 6.5 to 7.5 r. 
Aspect: Northerly 
Land Use :Wheat Stubble (heavily rutted). 
Horizons : 
cm 
0- 28 
Ap 
28- 51 
Big 
51 - 68 
B2g 
68- 82 
Beg+ Cu 
82 + 
er 
Dark brown ( 10 YR 3/3) si lty clay loam. 
Fine weak granular. Stoneless.Abundant fibrous 
lower section of the horizon.Merging boundary. 
roots in 
Light yellowish brown ( 10 YR 6/4) silty clay with 
abundant yellowish brown ( 10 YR 5/6) mottles. Very weak 
granular merging to massive. Few roots below 32 cm. 
Merging boundary. 
Yellowish to greyish brown ( 10 YR 5/8-5/2) silty clay with 
grey ( 10 YR 5/1) mottles. Massive, slightly stoney with fine 
fragments of slate and manganese aggregat ions. 
Merging boundary. 
Grey ( 10 YR 5/ I) clay loam with yellowish brown (I 0 YR 
5/8) mottles forming a matrix around weathered slate. 
Manganese aggregates and staining very common. 
Unweathered grey slate. 
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APPENDIX 1.4 
SOIL PROFILE DESCRIPTION PIT 4. 
Profile location : (see figure 2.2) Honey Park, Seale-Hayne College 
Farm. 
SI ope : 0 - 1 r. 
Aspect : North Easterly 
Land Use : Permanent Pasture 
Horizons: 
cm 
0- 10 
Ap. 
10- 28 
AB 
28- 35 
Bg1 
35 - 65(80) 
BCg 
65 - 80 + 
Cu 
Dark brown (7 YR 3/2) silty clay loam. 
Medium to fine granular crumbs, weakly developed. 
Platy dark grey (2.5 YR 4/0) slate approximately 1 cm 
in diameter. Abundant fibrous roots passing into next 
horizon. Merging boundary. 
Dark grey brown ( 10 YR 3/2) clay loam. Fine crumb granular 
structure. Platy dark grey (2.5 YR 4/0) slate 1 0-20mm in 
diameter. Abundant fibrous roots in top half of horizon. 
Sharp wavy boundary. 
Greyish brown sandy silt loam with a few yellowish brown 
( 10 YR 5/6) mott I in g. Medium weakly developed granular 
structure with fragments of dark grey (2.5 YR 4/0) slate, 
1-5 mm in diameter. Manganiferous staining surrounding 
slate fragments. Few roots. 
Light greyish brown (2.5 YR 6/2) silty clay with abundant 
light olive brown (2.5 YR 5/6) mottling. Massive structure 
with no roots present. Few manganese concretions. A wavy 
boundary following slate. 
Dark reddish grey ( 10 YR 4/ 1) weathered slate matrix 
overlying unweathered insitu slate. 
-296-
APPENDIX 1.5. PARTICLE SIZE ANALYSIS OF BULK SAMPLES 
TAKEN DURING DRAIN INSTALLATION 
Particle size dlstrlbutlon,x rtne earth 
. X total so i l 
sample Depth clay silt sand stone organic 
(Cml <0.002mm I 0.002-0.06mm 0.06-2..0.mm >2.0mm matter 
AI 0-25 14.4 52.5 19.8 9.7 7.2 
AI 25-50 12.6 27.6 ' 22.1 3.0 7.6 
AI 50+ 30.0 50.5 17.5 2.9 I 0.0 
I 
: 
A2 0-25 18.0 47.6 22.5 3.0 I 10.6 I A2 25-50 26.0 40.5 22.5 2 .7 i 8.3 A2 50+ 46.2 42.8 I I. I 1.1 I 0 .0 
A3 0-25 I 1.8 53.9 24.1 10.6 9.0 
A3 25-50 14.0 22.9 43.8 15.7 3.4 
A3 50+ 10.3 8.3 39.4 42.0 0.0 
81 0- 25 24.5 42.3 13.2 10.9 8.6 
81 25-50 25.2 52.8 16.3 1.2 5 .1 
81 50+ 11 .2 48.6 17.9 19.5 2.8 
82 0-25 22.3 42.7 19.3 7.4 8 .4 
82 25-50 18.5 52.8 16.3 1.2 5. 1 
82 50+ ' 11.1 18.5 33.9 36.4 0.0 
83 0-25 2 1.6 38.7 17. 1 12.6 9.9 
83 25-50 18.4 21 .6 30.5 28.2 1.3 
83 50+ 14.5 11 .8 38.1 34.8 0.7 
Cl 0- 25 16.6 44.2 19.8 10.1 9.2 
Cl 25-50 13.5 55.3 17.9 I 0.5 2.6 
C l 50+ 30.9 41 .8 22.3 4. 1 1.5 
C2 0-25 22.2 46.8 I 18.4 6.9 6.3 
C2 25-50 35.7 41.6 17.5 2.9 3.8 
C2 50+ 35.5 42.5 21.7 0.0 0.3 
C3 0-25 16.6 I 4 1.9 24.2 7.2 9.5 I C3 25-50 11 .3 34.9 25.9 26.3 1.5 C3 50+ 7.8 I 14.0 49.6 27.7 0 .8 I I I 
01 0- 25 24.8 I 46.5 I 17.2 1.4 10.1 
I 
01 25-50 20.5 48. 1 24.8 4.4 2.2 
01 50+ 20.3 I 34.2 39.5 3.5 2 .3 
02 0-25 12. 1 I 34.4 41.2 2.8 10.8 I 02 25-50 28.2 I 45.8 22.3 0.9 4.1 02 50+ 40.6 44.8 12.2 0.0 1.6 
03 0- 25 18.4 49.8 2 1.8 1.6 9.9 
03 25-50 29.2 44.8 26. 1 0.0 3.1 
03 50+ 19.6 33.5 44. 1 2.6 1.2 
APPENDIX 2 
J =12.2 
hm,u = 12.8 
B=19.b 
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APPENDIX 4. 
SOIL WATER STATUS, JANUARY TO APRIL 1986 
Although intensive monitoring of soilwater regimes in response to hydrometeorological patterns 
was restricted to the period immediately following secondary drainage treatment, a limited study 
was initiated in the previous winter. Observations of soil water status within the experimental 
study area following drain installation in September 1985 commenced in January 1986 using open 
auger holes for the direct measurement of depth to water table. The use of auger holes in this 
way is widely accepted (for example Richards, 1954; Fourt, 1961; Rands, 1976; Robson and 
Thomasson, 1977) and has been used to assess trafflcability over the winter period (Armstrong, 
1977) and, where a continuous record is available, the characteristics of hydrograph recession 
of land drains by hodograph analysis (Youngs, 1970; 1976; 1985a,bl. However the value of 
information obtained by this techniQue is open to some debate, especially when holes penetrate 
layers that differ greatly in permeability <Bouma ~ 1980). Nevertheless, Arm strong ( 19831 
argues that although auger holes have severe limitations for detailed soil physical studies, if such 
data is adeQuately replicated, sufficiently precise measurements of mean water table position 
may be derived. 
With no other techniQue available, a replicated system of unlined auger holes were bored in 
December 1985. This replicated system consisted of five groups of four 0.08 m diameter auger 
holes, arranged in an area 5 x 5m at mid drain spacing. Each group of four holes consisted of two 
bored at 0.8m and two at 0.3m depth. The arrangement of the five groups relative to the drains is 
shown in Figure 3.5. Conditions at installation were far from ideal, as recommendations state 
that they should occur under dry conditions if smearing of walls is to be prevented (Robson and 
Thomasson, 1977). To reduce the possibility of smearing affecting the response of the auger 
holes, they were pumped dry at weekly intervals prior to the first readings taken on 13th 
January 1986. Measurements were then taken at weekly intervals, with statistical means 
calculated for each auger hole depth. Records ceased to be taken following the collapse of more 
than hair or the auger holes by 30th April. This collapse or the deep holes was attributed to the 
instability or the subsoil which was reported in Chapter 2. This may have been minimised if the 
auger holes had been lined. In addition, the shallow holes were susceptible to damage by 
wheelings, following field operations. 
Although there is a paucity or data, a plot of mean watertable level below ground level observed 
in the two auger hole depths and corresponding rainfall is presented in Appendix 4.1. Two 
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apparent zones of saturation Identified by the two dipwell depths are discernible, which follow 
similar patterns In response to rainfall. Points marked by an asterisk(*) where the s.e. for the 
two auger hole depths overlap concur with recorded dralnflows, whilst the divergence of weekly 
observation after the overlap are open to some debate. it would appear that the shallow holes 
identify a perched watertable at the base of the plough layer with the soil below appearing dry. 
Whether this is a true watertable according to definition (Soil Set. Soc. Am., 1978> is 
questionable, but may be due to the dense, less permeable layer that was identified during an 
intense study carried out over the following winter and was observed to restrict water 
movement to depth. Harrls et al. ( 1984) made a similar observation, albeit for a clay soil, that 
when this layer was disrupted, water tables were observed to fallby a further 0.2 m. Under 
such circumstances Bouma et al. ( 1 980) recommend the use of tensiometers to define saturated 
zones within layered profiles of different permeabilities. 
The effect of the low rainfall in February <see Table 7.1 land the possibility of a soil water 
deficit is apparent from Appendix 4.1, which would account for all the holes being dry. However, 
under average winter rainfalls, it may be expected that waterlevels would be higher. Under such 
circumstances, C 1 ay den ( I 97 I l reported that water 1 eve 1 s w'ere with in 0. 15 m of the surf ace for 
5 months of the winter for an undrained soil of the Hallsworth Association. Caution is required in 
expressing an opinion on the effects of drainage due to the lack of data, but it can be confidently 
stated that for the period of observation the average level of water in the deep holes did not rise 
above 0.2 m. 
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